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CHARACTERIZATION STUDIES ON ZIRCONIA PARTIALLY 
STABILIZED WITH  Y2O3 DEVELOPED VIA HIGH ENERGY MILLING  
SUMMARY 
Zirconia based ceramic materials exhibit unique microstructural and mechanical 
properties amongst other materials , so zirconia is used as a biocompatible, esthetic, 
and functional ceramic material in various applications such as thermal barrier 
coatings, fuel cells, biomaterials. Moreover, the recent developments such as 
transformation toughening mechanism of zirconia-based ceramics as restorative 
dental materials has generated considerable interest in the dental community. In 
particular, high mechanical properties of yttria stabilized zirconia give an opportunity 
to be used in core of a dental implant. Since Y2O3 partially stabilized tetragonal 
zirconia is a desirable bioceramic with high flexural strength and toughness for 
dental applications. 
 
Zirconia has three polymorphics forms at different temperatures: monoclinic (m), 
tetragonal (t) and cubic (c). However,  transformation of tetragonal to monoclinic 
form causes a degradation or damage by increasing in a volume that renders a 
production of zirconia is impossible. Therefore, stabilizers such as CaO, MgO, CeO2, 
and Y2O3 are added to produce multiphase materials known as Partially Stabilized 
Zirconia (PSZ). In addition, if Y2O3 are used to stabilize or to meta-stabilize 
polycrystalline zirconia in both its high temperature cubic or tetragonal phase when 
cooled to room temperature, it is called yttria partially stabilized zirconia. 
 
In this study, yttria partially stabilized zirconia was developed via high energy 
milling and high temperature sintering. Powder mixtures of zirconia (ZrO2) with 3 
mol%, 4 mol% and 5 mol yttria (Y2O3) were mechanically milled for 1h and 2h, 
consolidated and sintered at 1530 °C, 1550 °C and 1570 °C. Thus, The effects of the 
yttria amount, the mechanical milling duration and sintering temperature on the 
microstructural and mechanical properties were investigated. Microstructure and 
phase characterizations of mechanical alloyed powders and sintered samples were 
carried out via differential scanning calorimetry / thermal gravimetric analysis 
(DSC/TGA), optical microscope (OM), scanning electron microscopy (SEM) and X-
ray diffraction (XRD) analyses. Furthermore, density and hardness of as-







YÜKSEK ENERJĐLĐ ÖĞÜTME SĐSTEMLERĐ ĐLE ÜRETĐLEN Y2O3 ĐLE 
KISMEN STABĐLĐZE ZĐRKONYANIN KARAKTERĐZASYONU 
ÖZET 
Zirkonya esaslı seramik malzemeler kendine özgü mikroyapısal ve mekanik 
özellikler sergileyerek biyouyumlu, estetik ve işlevsel bir malzeme olarak termal 
bariyer kaplama, yakıt pili ve biyomalzemeler gibi bir çok uygulama alanında 
kullanılmaktadır. Bununla birlikte, son yıllarda zirkonya esaslı seramiklerin dönüşüm 
toklaşma mekanizması gibi özelliklerinin geliştirilmesi ile bu seramiklerin onarıcı diş 
implant malzemesi olarak kullanılması, diş hekimliğinin ilgisini çekmeye 
başlamıştır. Özellikle, yitriya ile kısmen stabilize zirkonyanın üstün mekanik 
özellikleri, bu malzemenin diş implant malzemesi olarak kullanılmasını 
sağlamaktadır. Çünkü Y2O3 ile kısmen stabilize zirkonya, yüksek kırılma 
mukavemeti ve tokluk gerektiren diş ile ilgili uygulama alanlarında tercih edilen bir 
malzemedir. 
   
Zirkonya farklı sıcaklıklar aralıklarında üç farklı kristal yapıya sahiptir. Bunlar, 
monoklinik (m), tetragonal (t) ve kübik (k) yapılardır. Fakat tetragonal yapıdan 
monoklinik yapıya dönüşümün meydana getirdiği hacimdeki artış sonucu bozulma 
ve hasar meydana gelir. Bu durum, zirkonyanın parça üretimini imkansız hale getirir. 
Bundan dolayı  CaO, MgO, CeO2, and Y2O3 gibi stabilizatörler ilave edilerek birden 
fazla faz içeren Kısmen Stabilize Zirkonya (KSZ) üretilir. Bununla birlikte, 
polikristalin zirkonyayı metastabilize veya stabilize etmek için Y2O3 kullanılırsa, oda 
sıcaklığında her iki kübik ve tetragonal fazı da içeren yitriya ile kısmen stabilize 
zirkonya elde edilir.       
 
Bu çalışmada, yüksek enerjili öğütme ve yüksek sıcaklık sinterlemesi ile yitriya ile 
kısmen stabilize zirkonya üretilmiştir. 3 mol%, 4 mol% and 5 mol yitriya (Y2O3) ile 
hazırlanan zirkonya (ZrO2) toz karışımları 1 saat ve 2 saat boyunca mekanik 
öğütülmüş ve preslendikten sonra  1530 °C, 1550 °C ve 1570 °C’de sinterlendi. 
Böylece yitriya miktarının, mekanik öğütme süresinin ve sinterleme sıcaklığının 
mikroyapısal ve mekanik özelliklerine etkisi incelendi. Mekanik alaşımlandrılmış 
tozların ve sinterlenmiş numelerin mikroyapı ve faz karakterizasyonu, diferansiyel 
taramalı kalorimetre/ termal gravimetrik analiz (DSC/TGA), optik mikroskop (OM), 
taramalı elektron mikroskobu (SEM) ve  X-ışınları difraksiyonu (XRD) analizleri ile 
gerçekleştirildi. Ayrıca, preslenmiş ve sinterlenmiş numunelerin yoğunluk ve sertlik 






1.  INTRODUCTION 
All ceramic systems have become increasingly well known because of their esthetic 
and biocompatible properties (Tsalouchou et al., 2008). Thus, zirconia ceramics have 
effectively investigated to develop fracture resistance because these ceramics have 
been used in various applications such as orthopedic and dental implants (Charles, 
1998). Zirconium dioxide is also one of a biocompatible, esthetic, and functional 
ceramic material with a durable restoration (Dooren, 2007). Hence, dental ceramics 
are increasingly preferred to use instead of dental metals due to their 
biocompatibility with aesthetic appearance (Sundh, 2005). However, dental ceramics 
are required to have more fracture resistance associated with aesthetics and high 
fracture strength. Therefore, ytrria stabilized zirconia is characterized by a greater 
fracture strength, high fracture toughness and slow crack growth behavior (Charles, 
1998).         
  
Zirconia (ZrO2) has some excellent functional properties, such as high melting 
temperature, low thermal conductivity, low friction coefficient and elastic modulus, 
chemical inertness, good electrical conductive characteristics and high strength 
(Ogawa, 2008; Hannink et al., 2000). Therefore, zirconia is expected to be used in 
different applications: thermal barrier coatings, fuel cells, biomaterials (Ogawa, 
2008). High mechanical strength of yttria stabilized zirconia gives an opportunity to 
be used in core of a dental implant. Moreover, Y2O3 stabilized tetragonal zirconia is 
favorable bioceramic material for dental applications with high superior mechanical 
properties include high flexural strength (900 MPa) and toughness (10 MPa) (Pedra 
and Scharrock, 1997). 
 
Zirconia has three polymorphic forms at different temperatures: monoclinic (m), 
cubic (c), and tetragonal (t) (Dear et al., 2008). Stabilizing oxides such as CaO, 
MgO, CeO2, and Y2O3 are added to obtain pure zirconia and these stabilizers lead to 
produce multiphase materials known as Partially Stabilized Zirconia (PSZ) 
(Pilathadka et al., 2007). In addition, if Y2O3 are added to stabilize or to meta-
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stabilize polycrystalline zirconia in both its high temperature cubic or tetragonal 
phase when cooled to room temperature, it is called yttria partially stabilized zirconia 
(Y-PSZ) (Wattanasiriwech et al., 2006).  
 
The tetragonal phase of PSZ is metastable form at room temperature because 
external effects like tension or temperature causes the transformation from tetragonal 
to monoclinic phase. When tensile stresses are exposed to the crack tip, PSZ 
undergoes the transformation of metastable tetragonal (t) phase to monoclinic (m) 
phase (Pilathadka et al., 2007). This transformation is associated with local increase 
of 3 % to 5 % in volume. This increase in volume results in localized compressive 
stresses being generated around and at the crack tip. Thereby squeezing the crack. 
This physical property is known as transformation toughening (Pilathadka et al., 
2007). The mechanical properties of zirconia are outstanding because of the 
tetragonal to monoclinic (t-m) phase transformation, so it is useful in several medical 
and engineering applications (Guazzato et al., 2004). 
 
The powder metallurgy (PM) is an area of the metallurgic industry to produce 
metallic, non-metallic and ceramic materials by means of powder (Delforge et al., 
2006). The basic PM steps include mixing or blending of the metal and ceramic 
powders, degassing, compaction, and consolidation (Lindroos et al., 2004). Some 
process variables of powder metallurgy influence on the properties of powder 
metallurgy products (Newkirk and Kohser, 2004). In powder metallurgy, complex 
shaped materials are produced in various applications such as automotive, war, 
household-electric, hard metal, brakes, clutches (Delforge et al., 2006).  
 
Mechanical alloying (MA) has been widely studied about preparing alloys, 
intermetallic compounds, and dispersion-strengthened alloys. Moreover, synthesis of 
carbides, nitrides and silicides are synthesized by reaction between basic elements 
via ball milling. Mechanical alloying processes in chemical reactions at room 
temperature. For example, zirconium dioxide and other refractory oxides react to 
each other to prepare solid solutions by mechanical alloying (Michel et al., 1993). 
Mechanical alloying provides to form a homogeneous alloy during material transfer 
whereas mechanical milling (MM) is a process, which is routinely used in powder 
metallurgy and mineral processing industries, ensures to produce  uniform 
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stoichiometric composition powders, such as pure metals, intermetallics, or 
prealloyed powders, where material transfer is not required for homogenization 
(Zhang, 2004; Suryanarayana, 2001). 
 
According to the above concepts, the aim of this study is development and 
characterization investigations of zirconia partially stabilized with Y2O3 via high 
energy milling. Powder mixtures of zirconia (ZrO2) and yttria (Y2O3) were 
mechanically milled for 1h and 2h, consolidated and sintered at 1530 °C, 1550 °C 
and 1570 °C to develop yttria partially stabilized zirconia materials. The powder 
blends contain 3, 4 and 5 mol % yttria as the stabilizer. The effects of the yttria 
amount, the mechanical milling duration and sintering temperature on the 
microstructural and mechanical properties were investigated. 
2.  BIOCERAMICS 
Ceramic materials, which are usually described as inorganic and non-metallic 
materials, are bonded by ionic or covalent bonds. According to chemical 
composition, classification of ceramic materials involves silicate based, oxide and 
non-oxide ceramics (Milleding et al., 2003). Advanced ceramics have some 
important improvements not only in the technical composition, but also in the way in 
which they are manufactured (Dear et al., 2008). In late sixties zirconia biomaterials 
have been investigated to develop in zirconium applications. Thus, the first use of 
zirconium as a ceramic biomaterial is ball heads for Total Hip Replacements (THR). 
Although many combinations of solid solution as ZrO2–MgO, ZrO2–CaO, ZrO2– 
Y2O3 are improved to used in biomedical applications, Tetragonal Zirconia 
Polycrystals (TZP) are converged more upon the advance of zirconia-yittria ceramics 
(Pilathadka et al., 2007).  
 
Development of non-metallic restorative materials is a main concern due to 
biocompatibility and environmental issues correlated with metals waste and disposal. 
Thus, ceramics are an ideal option for substituting metal-based restorative materials. 
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The use of metals and metal alloys such as amalgam is gradually decreased in 
restorative dentistry by pressure of the public and some instances of government 
agencies in worldwide. Environmental contamination is a most significant problem 
of dental procedures involving amalgam placement or replacement. Because of 
pressures from environmental regulations and worries, several amalgam-alternative 
researches are investigated to find out the option for amalgam and potentially other 
metallic dental restorative materials. On the other hand, ceramics ensure excellent 
chemical durability, wear resistance, biocompatibility, environmental compatibility 
and esthetics. However, marginal fracture resistance and clinical durability are some 
disadvantages for widespread all-ceramic restoration use (Thompson et al., 2007). 
Therefore, according to refractory and chemical stability of yttria stabilized zirconia 
ceramics, these materials are used as high temperature chemistry and ceramic 
biomaterial applications (Hasanuzzaman et al., 2008). Moreover, one of the 
biocompatible ceramics is yttria stabilized zirconia, which is a versatile and 
mechanically superior material over its metallic counterparts (Dear et al., 2008). As a 
consequence, higher toughness materials, especially partially stabilized zirconia is a 
reasonable choice for all-ceramic restorative materials in range of clinically 
applications (Thompson et al., 2007).  
2.1 Zirconia 
“Zirconium”, which comes from Arabic word “Zargon” , means “gold like color”. It 
was discovered in 1789 by German chemist Martin Heinrich Klaproth during a 
certain procedures about heating of some gems. Then, zirconium dioxide was the 
impure zirconium that was used as pigment since long ago (Pilathadka et al., 2007). 
 
Zirconia ceramics are generally used in orthopaedic implant materials because of 
these materials have a superior corrosion, and surface damage resistance relative to 
metal and better fracture resistance than alumina (Roy et al., 2007). On the other 
hand, zirconia is a very essential ceramic material because of its transformation-
toughening mechanism, which undergoes a martensitic phase transformation from 
tetragonal-to-monoclinic by a thermal hysteresis loop. As transformation of 
monoclinic to tetragonal form occurs at about 1150 °C during heating, 
transformation of tetragonal to monoclinic is at approximately 950 °C during cooling 
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(Montazerian et al., 2008). Therefore, zirconia holds a unique position amongst oxide 
ceramics as a result of its excellent mechanical properties (Denry and Kelly, 2008).  
 
Acconding to its superior mechanical and electrical properties, potential worldwide 
applications of zirconia (ZrO2) has stimulated a lot of research over the past quarter 
century (Wattanasiriwech et al., 2006). Mechanical properties of ziconia at wide 
range temperatures provide that zirconia ceramics have been used for many years in 
a variety of applications such as cutting tools, grinding media, knives, scissors, 
crucibles, thermal barrier coatings, coatings, fuel cells, insulators, roller guides, 
extrusion dies, wire and pipe extension, pressure valves, heat exchangers, bearings, 
biomedical implants (hip joint heads), diesel engine parts (Kanellopoulos and Gill, 
2002; Ogawa, 2008; Gonzalez et al., 2007). In addition, engineering applications are 
increasingly widespread according to improved their mechanical properties and 
stability in different situations, particularly at high temperatures (Kanellopoulos and 
Gill, 2002). However, thermophysical properties should be exactly estimated in order 
to use zirconia for practical purposes at high temperatures (Ogawa, 2008).  
2.1.1 Properties 
A zirconia-based standard material is developed to manufacture these materials with 
thermal diffusivities as small as 1/10 that of alumina. Additionally, these materials 
can be specifically used to investigate a thermal diffusivity of newly developed 
zirconia-based materials (Ogawa, 2008). Moreover, table 2.1 shows the density 
values of monoclinic, CaO stabilized and MgO stabilized zirconia (Shackelford, 
2001). Moreover, zirconia is a ceramic material with some excellent functional 
properties, such as low thermal conductivity, good electrical conductive 
characteristics, and high strength (Ogawa, 2008). 
Table 2.1: Density values of zirconium (Shackelford, 2001). 
Material Density (g/cm3) 
Zirconium 
Monoclinic 5,56 
CaO stabilized 5,5 




A variety of ceramic materials such as oxides, carbides have high thermodynamic 
stabilities, so ZrO2 also exhibits a better stability in highly corrosive environments 
like Cl2, O2, and UO2Cl2 + Cl2 (Shankar et al., 2008).  
 
Dense and uniform with well controlled stoichiometric materials are prepared to 
achieve high ionic conductivity. The microstructure and the grain size influence on 
the ionic conductivity of stabilized zirconia. The total ionic conductivity of 3YSZ is 
mostly affected by the grain boundaries rather than the grain. An amount number of 
grain boundaries and the existence of porosity tend to become greater resistivity in 
the fine-grained samples (Kim et al., 2007). Figure 2.1 shows the mechanism of the 
ionic conductivity of YSZ. With a larger cation is called as dopant, which partially 
substitutes with small Zr+4 cation at low temperatures since Zr+4 is too small to 
sustain the fluorite structure. Doping includes usually substituting lower valence 
cations into the lattice. Charge neutrality oxygen vacancies permit to allow oxygen 
ion migration. An attractive characteristic of the fluorite structure is that it can 
sustain a high degree of substitution. These type materials are very disordered and 
open structure to promote ionic conduction (Fray et al., 2006).  
 
 
Figure 2.1 : Vacancy transport in YSZ (Fray et al., 2006). 
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For instance, biomedical grade zirconia generally includes 3 mol% yttria (Y2O3) as a 
stabilizer (3Y-TZP). Besides, when the stabilizing Y3+ cations and Zr4+ are randomly 
distributed over the cationic sites, creation of oxygen vacancies provides to achieve 
electrical neutrality (Denry and Kelly, 2008). By changing the host cation sites with 
either rare earth or an alkaline earth element, such as with yttria-stabilized zirconia 
(YSZ), an ionic conduction can be successfully increased (Fray et al., 2006). 
 
Pure zirconia (zirconium dioxide, ZrO2) has a high melting temperature and a low 
thermal conductivity. However, the applications of pure zirconia are restricted 
because of its polymorphism. It is monoclinic at room temperature and undergoes a 
phase transformation to the denser tetragonal phase from approximately 1000 °C. 
This transformation causes a large change in the volume and a extensive cracking. 
Hence, zirconia has a low thermal shock resistivity. The some oxides are added to 
stabilize the cubic phase and create one oxygen vacancy, as seen in equation (2.1) 
and (2.2) (Fray et al., 2006). 
 
2[Y’ Zr]=[Vo-]                                                                                                         (2.1) 
Y2O3(ZrO2) → 2Y’Zr + 3Oxo + Vo                                                                                                 (2.2) 
 
An increase of the dopant concentration would lead to an increase of conductivity. 
This relationship is only valid in low dopant concentrations because, the first and 
second electron coordination shells dopants begin interacting with the oxygen 
vacancies at higher levels, so the conductivity decreases. The conductivity can be 
estimated as equation (2.3) (Fray et al., 2006) : 
                                                                               (2.3) 
where E is the activation energy for conduction, T is the temperature, R and A are 
constants  is an unoccupied oxygen vacancy (Fray et al., 2006). Figure 2.2 
indicates relationship between ionic conducitivity and temperature. 
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Figure 2.2 : Conductivity as a function of temperature (Fray et al., 2006). 
2.1.2 Microstructures 
Pure zirconia changes its crystal phase in the order of the monoclinic, tetragonal, and 
cubic systems with an increase in temperature from room temperature (Ogawa, 
2008). Melting point of pure zirconia is at 2850°C and pure zirconia has got three 
crystal phases at different temperatures. At very high temperatures between 2370°C 
to 2850 C, the material has a cubic structure. At intermediate temperatures (1170°C 
to 2370°C) a tetragonal structure occurs. The material transforms to the monoclinic 
structure at low temperatures (below 1170°C) (Todd and Saran, 2007; Bernal and De 
La Torre, 2002). 
 
The volume change associated with these phase transitions is large, and it causes 
cracks in pure zirconia during cooling at the time of sintering, thereby rendering the 
material substantially unusable. Accordingly, a very small quantity of stabilizers 
such as yttria (Y2O3) and magnesia (MgO) were added to the material in order to 
extend the high-temperature crystal phase region at which the cubic and tetragonal 
phases are stable into the low-temperature region (Ogawa, 2008). 
 
As shown in Figure 2.3, zirconia sustains three crystallographic structures with 
increasing temperature at ambient pressure. The symmetry is monoclinic (P21/c) 
from at room temperature to 1170 °C. The structure is tetragonal (P42/nmc) between 
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1170 °C and 2370 °C and cubic (Fm¯ 3m) structure exists above 2370 °C and up to 
the melting point (Denry and Kelly, 2008).  
                      
(a)           (b) 
 
(c) 
Figure 2.3 : Different crystallographic structures of ZrO2  (a)cubic 
(b)tetragonal (c)monoclinic (Toplan, 2004). 
2.1.3 Transformation toughening mechanism 
Firstly, the crack tip is enclosed by untransformed material, which includes entirely 
or partly of metastable particles of t- ZrO2 (Figure 2.4a). While a tensile load is 
applied, huge stresses take place in the crack tip and the t- ZrO2 in the region over 
which a critical stress σT, is  a hydrostatic stress, is caused by a transformation at a 
frontal zone that enlarges as the stress intensity at the crack tip is increased (Figure 
2.4b). This frontal zone is expanded compared with the surrounding, untransformed 
material is exposed to residual stresses both within the frontal zone and in the 
untransformed material around it. The residual stress, σR, in the transformation zone 
is largely compressive when the stress has both tensile and compressive components 
and gradually decreases with distance from the particle. Positive and negative 
contributions of stresses eliminate the effect so that the net stress intensity of the 
crack at the frontal zone is zero. Consequently, at the extansion of crack tip, the 
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external stress intensity K∞ just equivalents to the local toughness of the material, TL, 
and there is no transformation toughening (Todd and Saran, 2007).  
 
Figure 2.4 : Server-client architecture transformation toughening. (a) 
Unstressed crack, (b) Stress-induced t → m transformation,      
(c) Crack growing. 
However, the crack starts to grow, the circumstance of mechanism changes. The 
crack tip goes into the frontal zone and the compressive stresses within it proceed to 
close the crack surface just behind the tip, so negative internal contribution, KT is 
caused to occur to the total stress intensity (Figure 2.4c). Total stress intensity is 
equal to the local toughness of the material to remain further crack growth, so the 
externally applied stress intensity is a necessary to increase the crack growth and is 
given by: 
K∞c = TL − KT  
The macroscopically measured toughness, K∞c, is greater than TL, because of 
negative value of KT, and the apparent toughness increases. This is the fundamental 
mechanism of the transformation toughening effect (Todd and Saran, 2007).  
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Considerable increase in volume (∼4%) leads to serious catastrophic failure, when 
the tetragonal (t) phase transforms to the monoclinic (m) phase upon cooling. This 
transformation is reversible and begins at ∼950 °C on cooling (Denry and Kelly, 
2008; Hannink et al. 2000). Pure zirconia is alloyed with stabilizing oxides such as 
CaO, MgO, Y2O3 or CeO2 permit to retain the tetragonal structure at room 
temperature. The stress-induced t→m transformation is controlled by preventing 
crack propagation and leading to high toughness (Denry and Kelly, 2008).  
 
The external stresses, such as grinding, cooling and impact lead to t-m 
transformation, which results in a 4,5 % increase of volume that causes compressive 
stresses. These stresses may develop on a ground surface or in the surrounding area 
of a crack tip where must be overcome by the crack in order to propagate (Guazzato 
et al., 2004; Pilathadka et al., 2007). This is reason of why fracture toughness of 
zirconia is much higher than other ceramics. Transformation toughening mechanism 
takes place if the zirconia particles are in the metastable tetragonal form, and on the 
verge of transformation (Guazzato et al., 2004). Transformation toughening 
mechanism between the tetragonal and the monoclinic phases, which provides to 
have more strength, creates internal stress within the material inhibiting crack 
propagation (Dear et al., 2008). As a result, considering a relation between 
toughening mechanism and microstructure allow optimizing the processing of 
transformation toughened material (Todd and Saran, 2007).  
 
The metastability of the transformation depends on the composition, size, shape of 
the zirconia particles, the type and amount of the stabilizers, the relations of zirconia 
with other phases and the processing. Besides, not only transformation toughening 
and also microcrack toughening is one of the mechanisms performing in zirconia-
based ceramic. This mechanism contact shielding and crack deflection and also 
contribute to a different degree in toughening of the ceramic (Guazzato et al., 2004). 
 
Yttria-stabilized zirconias have usually been fabricated by firing powder compacts in 
a temperature range of between 1400°C and 1450°C. However, there are restrictions 
in the use of Y-TZP in many engineering applications because of poor resistance of 
the material to the effects of humid atmospheres at temperatures of 60–500°C, which 
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affects on crystallographic phase instability and material deterioration. The resulting  
transformation of tetragonal to monoclinic phase results in a small volume increase 
in the material of about 3–5%, causes to create stresses, so specimen integrity such 

































3.  ZIRCONIA-BASED CERAMICS 
The cubic and tetragonal high-temperature structures of zirconia can be remained by 
alloying with various oxides such as yttria (Y2O3), calcia (CaO) or magnesia (MgO). 
Ceria (CeO2) and lanthanide sesquioxides are also used to stabilize zirconia. Solid 
state reactions of constituent oxides at high temperature allow to have stabilized 
zirconia (Michel et al., 1993). A stabilizer such Yttria (Y2O3) is added to zirconia 
(ZrO2) because high amounts of the desirable tetragonal phase remain form at room 
temperature without any phase transformations. There are two different methods can 
be used by yttria stabilizer are co-precipitation or coating. Most of the previous 
research is about the use of coated starting zirconia powders with 2.5–3 mol% yttria. 
However, now the interest is on coprecipitated 3 mol% yttria materials because 
higher purity is achieved in order to enable more exact control of properties during 
manufacturing (Kanellopoulos and Gill, 2002). Figure 3.1 demonstrates the different 
types of ZrO2 microstructure in ZrO2-metal oxide binary phase diagram. These 
include tetragonal zirconia polycrystals(TZP), fully stabilized zirconia (FSZ) and 
partially stabilized zirconia (PSZ) (Toplan, 2004).  
 
 
Figure 3.1 : Schematic view of ZrO2-metal oxide binary phase diagram (Toplan, 
             2004). 
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Figure 3.2a-c indicates schematically the microstructures of FSZ, PSZ and TZP in 
respectively (Bıçak et al., 2009).  
 
      
(a)                    (b) 
 
(c) 
Figure 3.2 : Microstructure of  ZrO2 in different types (a)FSZ (b)PSZ (c)TZP 
 
3.1 Fully Stabilized Zirconia 
Yttria is used for the major stabilizer and about 13-16 wt% have to be added to give a 
fully stabilized cubic material. Supply of more rare dopants such as scandia cause a 
problem in the future. The addition of 16 mol% CaO or 16 mol% MgO or 8 mol% 
Y2O3 (8YSZ) is sufficient to form fully stabilized zirconia. The structure becomes 
cubic solid solution, which has no phase transformation during heating from room 
temperature up to 2500 °C (Fray et al., 2006). 
 
The world demand for YSZ is rising and zirconium is one of the most widespread 
elements of the Earth’s crust usually in the form of silicate zircon (ZrSiO4) although 
the purification process is needed (Fray et al., 2006). According to scientific and 
technological improvements in mechanical properties of polycrystal and single 
crystal zirconia, there is a much more attention to investigate on fully stabilized 
zirconia containing only cubic structure and partially stabilized zirconia including 
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both cubic and tetragonal structure (Fernandez et al., 1991). Since stabilized zirconia 
has superior mechanical, electrical, thermal properties, so it is a special material in 
many various applications such as engineering ceramics, thermal barrier coatings, 
ceramic implants, electroceramics, high-temperature magnetohydrodyhamic 
electrodes, fuel-cells, and oxygen sensors, etc. (Andrievskaya, 2008).  
3.2 Partially Stabilized Zirconia 
During a heating process, zirconia undergoes a phase transformation, which causes to 
change in volume associated with this transformation makes the usage of pure 
zirconia in many applications impossible. Although CaO can be used as a stabilizer 
due to its historic applicability; CeO2, MgO, Y2O3, and CaO are commonly added 
into the zirconia structure in a certain degree results in a solid solution, which is 
known as partially stabilized zirconia (Todd and Saran, 2007).  
 
Partially stabilized zirconia is the most extensively investigated and commercially 
important, microstructurally complex materials and Mg is used as a dopant in order 
to toughen with  transformation toughening mechanism (Robert and Denry, 2008). 
In these ceramics, a matrix is a stabilized c- ZrO2and t- ZrO2 participates in intra-
granular within a matrix of stabilized c- ZrO2. The dopant such as CaO, MgO, La2O3, 
and Y2O3 is added in concentrations lower than a necessary for full c- ZrO2 
stabilization. Full stabilization is not intentionally obtained in these materials, hence 
“partially stabilized zirconia” or PSZ, is named by relevant abbreviations: Ca- PSZ, 
Mg-PSZ, Y-PSZ (Robert and Denry, 2008). Some mechanical properties of these 
partially stabilized zirconias is given in table 3.1 (Boyraz, 2008). Precipitates are a 
nanometer scale with lenticular morphology (approximately 200nm diameter and 


























Oxides % (wt) 5-10 3-4.5 2.5-3.6 3 
Young 
Modulus GPa 180-220 200-220 170-210 - 
Bending 
Strength MPa 650-1000 400-650 440-720 350 
Fracture 
Toughness 
KIC MPa•m1/2 6-8 6-12 6-20 4.6 
Hardness GPa 8-12 14-17 10-14 15 
 
MgO is added as the ‘stabilising’ oxide to produce magnesia partially stabilized 
zirconia (Mg- PSZ), which is one of the most widely used and toughest engineering-
ceramics. In addition, it has more resistant to low temperature aging than Y-TZP. 
The high fracture toughness of the Mg-PSZ provides to be manufactured with less 
thickness in dental ceramic restorations (Sundh and Sjögren, 2008). Thus, magnesia 
partially stabilized zirconia (Mg-PSZ) is used for possible biomedical applications; 
however, it has not been successful because of the presence of porosity, associated 
with a large grain size (30–60 µm) that can induce wear. The microstructure includes 
tetragonal precipitates within a cubic stabilized zirconia matrix. The amount of MgO 
ivaries between 8 to 10 mol% and it has a high sintering temperature between 
1680°C and 1800 °C although the cooling cycle has to be particularly controlled in 
the aging stage at 1100 °C. The transformable t-phase precipitation occurs during this 
stage, and its volume fraction is a significant issue to control the fracture toughness 
of the material. Existence of SiO2 has to be free in the grains of Mg-PSZ precursors; 
otherwise, formation of magnesium silicates reduces Mg content and promotes the 
Table 3.1: Mechanical properties of Ca- PSZ, Mg-PSZ, Y-PSZ and Ca-Mg-PSZ 
(Boyraz, 2008). 
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t→m transformation. Consequently, lower mechanical properties and a less stable 
material are obtained (Denry and Kelly, 2008).   
 
Figure 3.3 represents the details of stabilization of the tetragonal phase with 
photomicrographs of zirconia-toughened alumina, Mg partially-stabilized zirconia 
and yttria- stabilized tetragonal zirconia polycrystalline. These three materials are 
stabilized to create tetragonal form and the martensitic t→m transformation ensures 
toughness (Robert and Denry, 2008).  
 
Figure 3.3 : Microstructural features of the three major categories of transformation-  










3.2.1 Phase diagrams 
The oxides such as MgO, CaO, Y2O3, and CeO2 are added to stabilize the high 
temperature cubic phase. In Figure 3.4, ZrO2-MgO phase diagram is shown (Todd 
and Saran, 2007).  
 
Figure 3.4 : ZrO2-MgO phase diagram (Todd and Saran, 2007). 
 
PSZ can also be manufactured by adding CaO or Y2O3 stabilizer, which known as  
Ca-PSZ and Y-PSZ, but these are some difficulties to used in applications. For 
instance, CaO causes lack of stability or Y2O3 is available to perform at the very high 
temperatures (2000 °C) via solution treatment and ageing. ZrO2-Y2O3 and ZrO2-
CeO2 phase diagrams are indicated in Figure 3.5a and Figure 3.5b, respectively 




                    (a)          (b) 
Figure 3.5 : Binary phase diagrams (a) ZrO2- Y2O3 (b) ZrO2-CeO2                           
(Todd and Saran, 2007). 
3.3 Tetragonal Zirconia Polycrystal 
When zirconia is stabilized in the tetragonal phase called as tetragonal zirconia 
polycrystal, (TZP), the product leads to better strength, toughness and wear 
resistance in order to be used in applications such as a pump seals and components, 
cutting tools, abrasion wheels or as cutting instruments such as a scissors 
(Wattanasiriwech et al., 2006). 
 
The transformability of monoclinic to tetragonal ZrO2 phase at room temperature 
provides to produce tetragonal zirconia having high strength, high toughness and 
good wear resistance over a wide temperature variety. The proportion of t-phase 
remained at room temperature depends on the size of the grains, on stabiliser content, 
on environmental circumstances (Hasanuzzaman et al., 2008). 
 
The grain size effect indicates that larger tetragonal zirconia grains in TZP ceramics 
have a greater tendency to enhance a stress induced phase transformation to the 
equilibrium monoclinic structure, which is known as “transformation toughening”, 
provides to increase toughness of TZP (Kanellopoulos and Gill, 2002). Figure 3.6 
indicates that a critical grain size, which is related with the yttria concentration, 
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exists above spontaneous T-M transformation of grains whereas this transformation 
would be inhibited in an excessively fine-grained structure (Grigoriadou, 2006). 
 
Figure 3.6 : Critical  grain  size  against  yttria  content  in TZP (Grigoriadou, 2006). 
 
In recent studies about the technology of electronic, computer, chemical and medical 
industries show that the 3 mol% yttria stabilized zirconia (Y-TZP) is well known in 
attractive widespread applications with its high fracture toughness (Yu et al., 2007). 
The properties of 3Y-TZP are given in table 3.2 (Pilathadka et al., 2007). 
 
 
In the zirconia-yttria system, yttria-tetragonal zirconia polycrystal (Y-TZP), which 
has only tetragonal phase, includes nearly 2–3% mol Y2O3. Thus, stress-induced 
transformation toughening constitutes the metastability of this tetragonal phase with 
Table 3.2: The properties of 3Y-TZP (Pilathadka et al., 2007). 
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high toughness (Hasanuzzaman et al., 2008). Tetragonal zirconia polycrystal (Y-
TZP) has been extensively used in industry as a structural ceramic. Since, Y-TZP 
develops into an essential advanced ceramic according to its high toughness, high 
thermal stability and other superior properties, so this material tends to be enhanced 
properties when the grain size is held at nano-meter range (Yu et al., 2007). 
Moreover, its strength and toughness are improved by a specific crystal 
transformation from tetragonal to monoclinic crystal structure. For example, 3Y-TZP 
is prepared by adding 3 Mol-percent (5 weight-percent) yttrium oxide to zirconia, 
that provides the re-crystallisation process. Transformation of tetragonal to 
monoclinic form causes a volume increase, so the area around the crack is 
compressed. This compression pressure allows to a decrease in tensile stress at the 
point of the crack accompanies with an increase of the fracture toughness. As a result 
of fast volume expansion, transformation withstands to form crack and the strength is 
finally increased (Van der Zel, 2007). 
 
Furthermore, the mechanical properties and the sintering behavior of nanocrystalline 
materials depend on the reduction of grain size. The sintering process takes place in 
nanocrystalline zirconia approximately 400-500 °C lower than for microcrystalline 
materials (Kim et al., 2007). On the other hand, 3Y-TZP for soft machining of dental 
restorations is processed in final sintering temperatures varying between 1350 and 
1550 ◦C. Thus, this quite wide range of sintering temperatures causes a possibility to 
have an effect on the grain size and later the phase stability of 3Y-TZP for dental 
applications. The presence of cubic zirconia, which occurs while distribution of the 
yttrium stabilizer ions is not uniform, is not desirable in 3Y-TZP for biomedical 
applications. The cubic grains are enriched in yttrium whereas the surrounding 
tetragonal grains are reduced and therefore less stable structure is obtained (Denry 
and Kelly, 2008). Figure 3.7 represents a micrograph that the microstructure of 3Y-
TZP ceramics for dental applications contains small equiaxed grains (0.2–0.5 µm in 





Figure 3.7 : Scanning electron micrograph (SEM) of 3Y-TZP for dental  
                applications (Denry and Kelly, 2008).  
 
TZP ceramics have examined to achieve high densities with a reasonable sintering 
time and low sintering temperature. Therefore, Hot Isostatic Pressing (HIP) is a well-
known method to overcome the low-density problems without grain growth 




















4.  YTTRIA STABILIZED ZIRCONIA 
Stabilized (cubic) zirconia powder can be prepared by several methods consist of 
plasma synthesis, co-precipitation, hydrothermal precipitation and sol–gel processing 
(Wattanasiriwech et al., 2006). Moreover, high temperature process is a necessary to 
obtain stabilized zirconia because interdiffusion is so slow at temperatures below 
1400°C (Michel et al., 1993). However, these techniques have some specific 
drawbacks such as compositional inhomogeneity in the powder product, a 
complicated expensive equipment requirements, or complex experimental 
procedures. In addition, stabilization of fine grains of yttria stabilized zirconia 
ceramic in the cubic structure is more difficult than in the tetragonal structure 
(Robert et al., 2003). As a result, particular powder and processing route are 
preferred to give powder characteristics most suited to application purpose 
(Wattanasiriwech et al., 2006).  
 
Yttria stabilized zirconia (YSZ) is a widespread use material due to its chemical 
stability, dielectric characteristics, high coefficient of thermal expansion, and crystal 
structural and lattice constant similar to that of silicon. YSZ thin films are 
investigated for a variety of applications such as buffer layers for superconducting 
films on flexible metal tapes, alternative high-dielectric constant materials on silicon 
substrates, and as electrodes in solid oxide fuel cells (Abiade et al., 2008). The 
stabilized cubic form is extensively used as an oxygen sensor and as the active 
component in the high temperature fuel cell because the ionic conductive of 
polycrystalline oxide is activated above 600 °C. Moreover, it is usually used in 
present and future energy applications such as a solid electrolyte in fuel cell in the 
range 900–1000 °C (Wattanasiriwech et al., 2006). The material has to be high 
density and homogeneity to achieve high ionic conductivity for these applications 
(Robert et al., 2003).  Yttria-stabilized zirconia (YSZ), which also exhibits superior 
oxide ion conductivity at high temperatures, has been widely studied as a solid 
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electrolyte for solid oxide fuel cells (SOFC) (Kikuchi et al., 2006). In present fuel 
cells, zirconia is selected for using the electrolyte and zirconia is stabilized by either 
3 mol% Y2O3 (3YSZ) or 8 mol% Y2O3 (8YSZ). Although YSZ is not the best ion 
conductor, it is the cheapest to process and has low enough electronic conductivity. 
In many other materials of conduct oxides, there are several the advantages of YSZ: 
abundance, chemical stability, non-toxicity and economics make it the most suitable 
substance at present. There are some drawbacks in applications such as sealing the 
fuel cell according to its high thermal expansion coefficient (Fray et al., 2006). 
 
Moreover, ionic conductivity of stabilized zirconia may be influenced by the 
microstructure and the grain size. For instance, the total ionic conductivity of 3 mol% 
Y2O3– ZrO2 is mostly affected by the grain boundaries in comparison with the grain 
size. Thus, an increase on amount of grain boundaries and porosity cause higher 
resistivity in the fine grained specimens. On the other hand, the reduction of grain 
size in the ceramic also improves the mechanical properties and the sintering 
behavior (Robert et al., 2003). Therefore, there is a strong correlation between 
mechanical properties of 3Y-TZP and its grain size. Above a critical grain size, 3Y-
TZP behaves less stable and more susceptible to spontaneous t→m transformation; 
however, smaller grain sizes (<1µm) are associated with a lower transformation rate. 
Furthermore, below a certain grain size (∼0.2µm) causes to reduce fracture 
toughness, so the transformation is not possible. Therefore, the sintering conditions 
have a strong effect on both stability and mechanical characteristics of the final 
product. Higher sintering temperatures and longer sintering times tend to obtain 
larger grain sizes  as seen Figure 4.1 (Denry and Kelly, 2008). 
 
 
Figure 4.1 : Atomic force micrographs of 3Y-TZP sintered at (a)1300 °C and (b) 
1450 °C (Denry and Kelly, 2008). 
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Minimization of grain growth provides to control the consolidation parameters such 
as sintering temperature and time to enhance the good mechanical properties of 
nanoceramic structures in comparison to those of conventional ceramics (Kim and 
Khalil, 2006).  
4.1 Yttria Partially Stabilized Zirconia 
Partially stabilized zirconia (PSZ) is a significant engineering ceramic is used various 
applications (Li et al., 1994). It has a mixture of zirconia polymorphs. These include 
a cubic and a metastable tetragonal ZrO2 phase, because an amount of stabilizer has 
been insufficiently added. PSZ is a transformation-toughened material since the 
induced microcracks and stress fields absorb energy. PSZ is used for crucibles due to 
its low thermal conductivity and a high melting temperature (Fray et al., 2006).  
 
Pure zirconia transform from tetragonal-(t) to monoclinic-(m)phase during cooling 
process below 1270 °C; however, the major changes taking place over the 
temperature range 750–970 °C, according to its microstructure and composition. 
Therefore, Figure 4.2 shows the structural changes of yttria partially stabilized 
zirconia (Y-PSZ), so the lattice shifts and the dimensions of the crystal vary and also 
the density increases due to transformation from monoclinic to tetragonal form 
(Bernier, 2001).  
 
Figure 4.2 : Phase transformation structures of YPSZ (Bernier, 2001). 
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This process is accompanied with a reasonable volume expansion results in extensive 
cracking in the material, so making the bulk use of pure zirconia impossible 
(Wattanasiriwech et al., 2006). Therefore, solid solution dopants such as Y2O3 are 
added as a stabilizer to inhibit the undesirable transformations of  polycrystalline 
zirconia in both its high temperature cubic or tetragonal phase when cooled to room 
temperature (Li et al., 1994; Wattanasiriwech et al., 2006). As a result of partially 
stabilizing with Y2O3, Y-PSZ is available to be used as a ceramic material in dental 
applications such as hip-joint prostheses because it performs outstanding mechanical 
properties and superior fracture toughness compared to other ceramics (Sundh et al., 
2005). Although Y-TZP are used in recent dental ceramics, after heat process, these 
materials are denoted as partially stabilized tetragonal zirconia, which is prepared by 
using fine particles of ZrO2 and 3–5% Y2O3 at room temperature. Due to the optical 
opacity of these materials, they are covered with veneering ceramic, usually 
feldspathic types, with esthetic characteristics similar to the natural tooth substance 
(Øilo et al., 2008).  
 
Y-PSZ ceramics are unstable over time, being subject to mechanical property 
degradation due to progressive spontaneous transformation of the tetragonal phase 
into the monoclinic phase, a fact depends on temperature, vapor, grain size, micro 
and macro cracking of the material, and the concentration of stabilising oxide (Sundh 
et al., 2005). Although tetragonal to monoclinic transformation are hindered by phase 
stabilizer such as yttrium oxide, this spontaneous transformation of tetragonal into 
monoclinic phase is called as ‘aging’, which causes mechanical property degradation 
of the material during t→m transformation (Sundh and Sjögren, 2008). Surface of 
specimen contacts with water or fluid causes aging with tetragonal-to-monoclinic (t–
m) phase transformation, which contains surface roughening to form microcracks, so 
aging leads to failure such as strength degradation (Bartolome et al., 2004). A 
process is known as “aging” which is a sintering or solution annealing at  
approximately >1850 °C in the cubic solid solution single-phase field and 
precipitates are nucleated and grown at lower temperatures approximately 1100 °C 
within the two-phase tetragonal solid solution plus cubic solid solution phase field 
(Robert and Denry, 2008).  
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Machining and other mechanical surface treatments influence on phase 
transformation partially stabilized zirconias. Thus, residual compressive stresses on 
the surface poorly affect the mechanical properties of zirconium ceramics (Sundh 
and Sjögren, 2008). For instance, grinding can introduce residual compressive 
stresses on the surface that increase flexural strength of zirconia ceramics but 
grinding can also introduce surface flaws that cause strength-degradation (Sundh et 
al., 2005). Thus, sandblasting or grinding, which causes the degradation and 
mechanical removal of particles, normally introduces different shapes of defects and 
flaws as seen Figure 4.3 (Albakrya et al., 2004). 
 
Figure 4.3 : SEM photomicrograph of the fine polished surface with spherical 
and irregular shaped pores (Albakrya et al., 2004).  
 
Aging optimization in time-temperature-transformation depends on both precipitate 
size and phase stability. Metastability cannot occur if tetragonal precipitates are too 
small to transform and if precipitates are produced too large, spontaneous 
transformation takes places to monoclinic by twinning and microcracking (Robert 
and Denry, 2008).  
4.2 Phase Diagrams 
Phase diagrams of YSZ and Y-PSZ are shown in Figure 4.4a and Figure 4.4b, 
respectively. Transformation from monoclinic(m) to tetragonal(t) phase during 
heating at about 550-600 °C; however, tetragonal (t) to monoclinic(m) occurs during 
cooling ar approximately 850-900 °C (Andrievskaya, 2008; Fray et al., 2006).  
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       (a)        (b) 
Figure 4.4 : Phase diagram of yttria (a)YSZ (b) Y-PSZ (Andrievskaya, 
2008; Fray et al., 2006).  
4.3 Applications 
The use of ceramic materials is so popular in dental and biomedical applications, 
such as hip prostheses and dental crowns (Teixeira et al., 2007). Zirconia-based 
ceramics and alumina-based ceramics have been widely used as implant biomaterials 
to make crowns in dental restorations (Zhou et al., 2007). In recent decades, zirconia-
based materials are particularly investigated due to their superior physical properties 
using in thermomechanical applications such as thermal barrier coatings or oxygen 
sensors (Michel et al., 1993).  
 
Yttria-stabilized zirconia (YSZ) is a significant useful oxide ceramic for various 
structural and electronic applications, such as gas sensors, automotive exhaust three-
way catalysts substrates and catalytic membranes according to its outstanding 
mechanical properties, chemical resistance, characteristics of refractory, oxygen 
ionic conductivity and polymorphous nature (Robert et al., 2003; Hung et al., 2008). 
Mesoporous YSZ with large surface area, high porosity and nanocrystallinity is 
greatly desirable for its widespread applications (Hung et al., 2008). Moreover, YSZ 
has been widely used as an electrolyte in solid oxide fuel cells (SOFCs) because of 
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its high stability in both oxidizing and reducing atmospheres, and a relatively 
economical cost (Kim et al., 2007; Gibson et al., 1998). The phase stability of YSZ 
ceramic electrolytes is so important to use in long-term solid oxide fuel cells (SOFC) 
applications because of its better mechanical and electrical properties than cubic 
zirconia at lower temperatures. If the fuel cells are subjected to slow crack growth, 
they can resist to thermal cycling and the ability to control under higher pressures 
over the lifetime of the cell (>50 000 h) (Bartolome et al., 2004). Moreover, YSZ is 
prepared for self-supported electrolyte plates used in planar SOFC systems because 
of its high fracture strength and toughness, excellent thermal conductivity, and good 
thermal expansion compatibility with other cell components (Kim et al., 2007).  
 
SOFC generates electricity in both high conversion efficiency and low environmental 
contamination, thus SOFC is developed on widespread substantial activities of 
commercial capabilities. SOFC has to be optimized to improve efficiency; therefore, 
YSZ ceramics are prepared due to its good electrical and mechanical properties with 
high densities and small grain sizes after sintering (Gibson et al., 1998).  Cubic yttria 
stabilized zirconia with 8 mol% yttria (8Y-SZ) can be chosen for SOFC as the 
electrolyte material because it exhibits high ionic conductivity at high operating 
temperatures (Kim et al., 2007). On the other hand, A 3 mole% yittria-stabilized 
zirconia (3-YSZ), which is one of the most commonly used ceramics for these 
applications, displays a quasi-plastic yielding behavior (Zhou et al., 2007). 
Moreover, 3YSZ has a high bending strength at room temperature and a fine ionic 
conductivity at 1000°C. Although the ionic conductivity of 3YSZ is lower than that 
of the 8YSZ, the advantages in mechanical properties make it useful in electrolyte 
material for cell design as an electrolyte support (Kim et al., 2007).  
 
Transformation toughening mechanism obviously increases the compatibility of 
yttria stabilized zirconia to many applications where increased strength and wear 
resistance are required. Generally, Y-TZP is used in cutting tools, oxygen sensors, 
and material coatings; moreover, its properties are also suitable for dental 
reconstructions and orthopedic implants (Dear et al., 2008). Moreover, as shown in 
Figure 4.5a, they have also been used in hip implants recently due to their excellent 
resistance to wear and friction. In such biomedicine applications, the possible fatigue 
failure is one of the most serious problems for ceramic implants. The failure is 
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observed at almost 20% of the ceramic crowns within 5 years of use. Figure 4.5b 
indicates that these bioceramics have fault with surface cone cracks or subsurface 
radial cracks under cyclic contact loading. As a result, the design of orthopedic 
applications such as ceramic hips/knees, and dental restoration implants must be 
done against possible fatigue failure (Zhou et al., 2007).  
                  
                                    (a)                   (b) 
Figure 4.5 : Schematics of (a) total hip implant structure and (b) Surface cone 
cracks and subsurface radial cracks (Zhou et al., 2007). 
 
The tetragonal to monoclinic phase transformation causes inhomogeneous stress 
field, which makes the failure mechanisms even more complicated. The zirconia 
based implants behave more strength under monotonic loading than under cyclic 
loading. Although the ceramics simply fails due to surface cone crack growth under 
monotonic loading, both plastic damage accumulation and phase transformation are 
obtained under cyclic loading (Zhou et al., 2007). 
 
 
4.3.1 Dental implants 
Ceramic is one of available alternative to metal-based restorative materials 
(Thompson et al., 2007). Since ceramics are completely inertness in oral fluids and 
are isolated to electric current and heat. In addition, they are the most stable and 
similar to natural tooth material of all restorative materials (Van der Zel, 2007). 
Ceramic restorations can be used in circumstances such as the treatment of primary 
caries where inlays can embed without the more unnecessary removal of tooth 
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structure that is associated with amalgam. Ceramic onlays or crowns can also 
substitute on large amalgam restorations. Hence, ceramics offer the best option for 
“metal-free” dentistry according to all material characteristics and clinical reasons 
(Thompson et al., 2007). Dental ceramic can be produced by metal-ceramic 
combination as seen in Figure 4.6a or completely self-supporting with ceramic as 
shown in Figure 4.6b. These ceramics is choice for different applications of 
restorative dentistry for replacement of lost tooth structure. Hence, ceramics play an 
important role for esthetics, biological and physical appearances (Van der Zel, 2007). 
 
     
(a)                                                              (b) 
Figure 4.6 :  (a) Metal-ceramic bridge with a palladium free 75 percent gold alloy, 
(b)Four-unit veneered zirconia bridge. (Van der Zel, 2007).  
 
In dentistry, wear resistance, biocompatibility, and esthetics are favorable properties 
in ceramic restorations (Teixeira et al., 2007). This high-strength ceramic material 
has better translucency in comparison with ceramometallic restorations due to 
transmission light at the critical interface between marginal gingival tissue and 
prosthetic components in order to have a good esthetic form (Dooren, 2007). 
However, fracture toughness of some ceramic materials varies low to moderate, so 
low toughness limits the use of their applications (Teixeira et al., 2007). Figure 4.7 
indicates the current ceramic systems for metal-free restorations. Veneering ceramic, 
press ceramic, glass infiltration ceramic and sinter ceramic can be respectively 
arranged by a decreasing glass-content with a corresponding increase in strength 




Figure 4.7 : Bending strength versus fracture toughness of different 
ceramic systems (Van der Zel, 2007). 
Veneering ceramic, which is also called as silicate ceramic, has a bending strength 
between 50 and 200MPa and a fracture toughness of less than 2.5 MPa.m½. Silicate 
ceramic can be used in adhesively bonded restorations such as bonded inlays, partial 
crown and veneering of ceramic or metal substructures. Press ceramic, which 
includes less than 60 percent crystals has a bending strength between 100-350 MPa 
and a fracture toughness up to 3.5MPa.m½. Glass-infiltration ceramics has a bending 
strength of 400-500MPa and a fracture toughness of 4-4.5MPa.m½. Although glass 
infiltration ceramic exhibits tremendous clinical results in crowns with 0.5 percent 
breakage per year in crowns, their symptom in the molar region is a possible risk 
even now (Van der Zel, 2007). Sinter ceramic such as zirconia, which can merely be 
designed by CAD/CAM technology, has a strength of 500-1200 MPa with a fracture 
toughness of 5-12MPa.m½, which describes about twice as tough as alumina oxide 
ceramics and 5 times higher than standard glass ceramics. These exclusive 
mechanical properties are obtained by means of transformational toughening because 
of its tetragonal polycrystalline structure (Van der Zel, 2007; Parker, 2007; McLaren 
et al., 2005). Structure ceramic can be availably used in cyclic loading in the mouth 
with a high fracture toughness (Van der Zel, 2007). While a crack come to existence, 
the material transforms to a thermodynamically more stable monoclinic form with a 
4% local increase in volume, which means a "clamping effect" on the crack and 
prevents to expand the material much more. Moreover, zirconia oxide materials 
without any glass matrix are commonly stronger and have more crack resistance than 
other ceramics (Parker, 2007).  
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Since 1969, Y–TZP (Yttrium-stabilized Tetragonal Zirconia Polycrystal) has been 
applied in orthopaedics in hip joint implants. Earlier studies to extend the dental 
application are not succeeded because it does not allow to processing by traditional 
methods as investigated before in dental technology. The three-point bending 
strength of over 900MPa provides the material is properly used in all full-ceramic 
restorative and prosthetic solutions such as bridges, implant abutments and root pins 
(Van der Zel, 2007).  Moreover,  hydroxylapatite (HA, Ca10(PO4)6(OH)2), which is 
one of calcium phosphate type ceramic material , has chemical composition similar 
to inorganic component of bone, so it is commonly used in biomedical applications 
such as surgery and dental implants due to its high biocompatibility and bonding 
ability to growing bone. However, HA is so brittle as a result of several mechanical 
limitations (Evis et al., 2005). Alternatively, zirconia ceramics, which are so 
biocompatible, are corroded in aqueous solutions as vitro because of differences in 
composition and microstructure resulting in reduction of hydrolytic stability 
(Milleding et al., 2003). The considerable amount of ceramic materials can be used 
to estimate the basic properties of reproducible and standardized material by in-vitro 
and clinical research in different centers (Van der Zel, 2007). Therefore, biologic 
environments affect on surface of dental ceramic materials such as corrosion 
(Milleding et al., 2003). Saliva contamination is commonly one major factor for 
decreased bonding strength. In general, organic solutions such as phosphoric acid gel 
are useful to remove saliva contamination on the internal surfaces of restorations in 
dentistry (Yang et al., 2008).  Besides, bacterial plaque accumulates a much lower in 
zirconia in comparison with titanium. This develops an essential correlation between 
plaque and bone loss. Research about the accumulation of cocci and filamentous 
bacteria on titanium and zirconia describes that the occurrence of periimplantitis and 
implant loss mainly depends on microbiological pathogens. Consequently,  in Figure 
4.8a and Figure 4.8b indicate that zirconia leads to a considerable decrease of 
bacterial growth with regard to titanium (Van der Zel, 2007).  
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(a)       (b) 
Figure 4.8 : Comparison of microbacterial accumulation on (a) titanium (l) 
and (b) zirconia (Van der Zel, 2007).  
 
Zirconia has three polymorphic forms at different temperatures: monoclinic (m), 
cubic (c), and tetragonal (t) (Dear et al., 2008). As phase diagram in Figure 4.9, the 
region of using yttria stabilized zirconia in dentistry is shown for the manufacture of 
dental crowns and fixed partial dentures (Denry and Kelly, 2008; Dear et al., 2008). 
There are two restoration processes which include either by soft machining of 
presintered blanks followed by sintering at high temperature, or by hard machining 
of fully sintered blocks (Denry and Kelly, 2008). During heating pure zirconia 
undergoes these phases in the m–t–c order. When the cooling process begins, the t–m 
transformation induces an increase in volume at around 1100°C, creating huge 
internal stresses. Volumetric increase brings in the stress, which trigger to cracks and 
on cooling the bulk to room temperature, so a stabilizing oxide such as yttria (Y2O3) 
has to be added to produce bulk zirconia at room temperature (Dear et al., 2008). As 
a result of stabilization with yttria, YSZ obtains its strength from a transformation-
toughening phenomenon, which is also known from the process of hardening of 
steel, facilitates the use in metal-free restorative and prosthetic dental applications 




Figure 4.9 : The shaded region of zirconia–yttria phase diagram shows suitable 
YSZ region for the dental applications (Dear et al., 2008). 
 
Different materials and manufacturing systems are suitable for all-ceramic dental 
restorations. There are two major methods for using ceramic prosthetic restorations; 
a single layer ceramic via attachment to the tooth structure or a two-layered structure 
that the more brittle veneering ceramic is supported with a high-strength ceramic 
core material (Øilo et al., 2008). Furthermore, in comparison with metals, edge area 
of the zirconia crown is able to be trimmed as knife-sharp. In addition, 
homogeneous, stable and biocompatible edges are produced by zirconia even after 
firing (Van der Zel, 2007). As shown in Figure 4.10, zirconia has a high translucent 
appearance as a natural teeth, so opaque cement should cover up discolored 
components (Van der Zel, 2007; Sundh et al., 2005).  
 
Figure 4.10 : The translucent appearance of zirconia (Van der Zel,             
2007; Sundh et al., 2005). 
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As seen in Figure 4.11a, although the light transmission of zirconia is enough to 
perform in applications, zirconia is not as translucent as alumina. Therefore, alumina 
and zirconia copings become an adequately fluorescent material by using fluorescent 
liners and porcelains (Figure 4.11b) (Dooren, 2007). 
 
 
(a)     (b) 
Figure 4.11 : The light transmission of (a) zirconia and (b) zirconia with 
fluorescent liners and porcelains (Dooren, 2007). 
Fixed partial dentures (FPDs) are produced by using different dental ceramics 
although low fracture resistance and brittleness of dental ceramics are disadvantages 
of manufacturing FPDs using all-ceramic frameworks (Sundh et al., 2005). In recent, 
the advanced dental material technologies have developed in the application of 
zirconia-based ceramics in dentistry (Guazzato et al., 2004). Unfortunately, zirconia 
frameworks cannot be used as translucent natural teeth amongst present processing 
technologies. Therefore, they have to be veneered with weaker porcelain to achieve 
adequate esthetics. This veneer material is produced by a tri-layer system of core-
dentinenamel which allow to fused onto the ceramic core by sintering. Some research 
indicates a number of factors influence on the mechanical properties of the zirconia 
core material, such as temperature and moisture (Tsalouchou et al., 2008). 
 
As shown in table 4.1, there are a large range of dental ceramics that are currently 
available, or that have been placed clinically. Moreover, only ZrO2 ceramics are 
suggested for high-stress procedures and followed by extensive tooth reduction (>1.5 




Table 4.1 : Dental restorative ceramics (Thompson et al., 2007). 
 
 
Zirconia is chosen as a dental implant over other materials because of patient 
preference for metalfree, usage of same veneering porcelain for crowns, bridges, 
veneers, and glass ceramics and being more translucent than metal (McLaren et al., 
2005). Even though many kinds of zirconia containing ceramic systems are currently 
available, only three are usually used in dentistry. These are yttrium cation-doped 
tetragonal zirconia polycrystals (3Y-TZP), magnesium cation-doped partially 
stabilized zirconia (Mg-PSZ) and zirconia-toughened alumina (ZTA) (Denry and 
Kelly, 2008).  
 
One of the used materials in dentistry is yttria tetragonal zirconia polycrystal (Y-
TZP), which is a zirconia oxide doped with yttria. Yttria (Y2O3) is an oxide of the 
metallic element yttrium, and atomic number of yttria is 39 in periodic table (Parker, 
2007). Table 4.2 shows the properties of 3Y-TZP material, which is dental grade, is 
manufactured by molding, sintering, and Hipping (Hot Isostatic Pressing) processes 









Table 4.2 : 3Y-TZP Material Properties (Dear et al., 2008). 
 
Zirconia is to combine with an alumina matrix, leading to a zirconia-toughened 
alumina (ZTA), which is interested in potential bioceramics in recent times, utilize 
usefully the stress-induced transformation capability of zirconia. One commercially 
available dental product was developed by adding 33 vol.% of 12mol% ceria-
stabilized zirconia (12Ce-TZP)  alumina. This product can be processed by either be 
slip-casting or soft machining. Before, initial sintering takes place at 1100 °C for 2h, 
the porous ceramic composite is infiltrated by glass. The glass phase corresponds to 
about 23% of the final product. The microstructure of ZTA is shown as in Figure 
4.12, and the zirconia grains appear brighter than darker alumina grains (Denry and 
Kelly, 2008).  
 
Figure 4.12 : Scanning electron micrograph of ZTA (Denry and Kelly, 2008). 
Although the amount of porosity in ZTA, which is between 8 and 11%, is greater 
than that of sintered 3Y-TZP, one of the advantages of the slip-cast technique is a 
very limited shrinkage. In addition, ZTA has usually lower mechanical properties 
than 3Y-TZP dental ceramics. However, Ce-TZP ceramics generally exhibit better 
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thermal stability and resistance to low temperature degradation than Y-TZP under 
similar thermo-cycling or aging conditions. The mechanical properties of zirconia are 
the highest ever investigated in all dental ceramic. These capabilities of zirconia in 
prosthetic dentistry are so attractive in strength and esthetics.  However, stress-
generating surface treatments such as grinding or sandblasting enhance to trigger the 
t→m transformation with a volume increase leading to the formation of surface 
compressive stresses, so the flexural strength increases but also the phase integrity of 
the material changes and the susceptibility to aging increases (Denry and Kelly, 
2008).  
 
Computerized dentistry is necessary to introduce full-ceramic restorations, such as 
base structures of ceramics. Therefore, 15 CAD/CAM (computer-aided 
design/manufacturing technology) systems are current available manufacturing 
technologies for the individualized restorations. The new CAD/CAM technology 
should fulfil the fundamental standards such as costs and clinical suitability of the 
dental applications. As shown in Figure 4.13, automatic detection of the preparation 
line preferably without operator interaction is minimally required to work by a CAD 
program (Van der Zel, 2007).  
  
(a)          (b) 
  
(c)       (d) 
Figure 4.13 : Automatic detection of preparation line (a) gypsum die, (b)point cloud, 
(c)extracted die and (d) zirconia coping (Van der Zel, 2007).  
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Recently, there were many choices for material of abunments such as titanium. 
However,  CAD/CAM technology allows to generate novel high-strength ceramic 
materials in esthetic implant applications (Dooren, 2007). Zirconia used in dentistry 
is a solid sintered polycrystalline structure without glassy phase and zirconia can be 
manufactured by one of several CAD/CAM systems (McLaren et al., 2005). 
Extremely esthetic and biocompatible materials such as abutments, crowns, and fixed 
partial prostheses are produced by CAD/CAM technology to get high strength and 
excellent compatible properties. Zirconia abutment implants which are generated by 
CAD/CAM is shown in Figure 4.14a. The abutment has a concave transmucosal 
profile with a extra soft tissue (Figure 4.14a-b) (Dooren, 2007). 
 
       
                            (a)                                           (b)    (c) 
Figure 4.14 : (a)A CAD/CAM-generated abutment, (b)abunment profile with 
tissue, (c)X-ray photograph of abunment (Dooren, 2007). 
 
CAD/CAM restorations, particularly bridges are estimated by scanning combined 
with the exact calculation of a cement layer of constant thickness is more accurately 
than restorations manually modelled in wax. In Figure 4.15, the extraction of the 
scanned dies integrates the insertion of a bridge path is calculated to find out a bridge 
which is compatible for multiple abutment teeth (Van der Zel, 2007).  
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Figure 4.15 : A zirconia bridge structure on multiple abutments (Van der Zel, 2007). 
As shown in Figure 4.16, a large amount CAD/ CAM systems provide zirconia 
shines in such base shades for various porcelain color groups due to its white base 
color. Light transmission simulations are so important for esthetics of zirconia looks 
like natural teeth. Incident light affects opalescence of modern dental ceramics, when 
a fluorescent liner reflects a constituent of UV light as a natural white (Figure 4.17) 
(Van der Zel, 2007). 
 
Figure 4.16 : Shaded zirconia for different porcelain color groups             
(Van der Zel, 2007).  
 









































5.  POWDER METALLURGY  
In prehistoric time, older civilizations improved the art as bear witness the iron pillar 
in Delhi by using the technology of pressing metal powders into a specific shape. For 
example, Egyptian implements and articles of precious metals are made by the Incas. 
In the 1920s, it is the first time to produce tungsten carbides and the mass production 
of porous bronze bushes for bearings by using modern powder metallurgy (PM) 
technology (Upadhyaya, 1996). 
 
The term ‘‘powder metallurgy’’ is really a common metallurgical process and refers 
to a process which produce parts through the fusing of particles (Newkirk and 
Kohser, 2004). Powder metallurgy routes to fabricate various products due to its 
many advantages. Controlling the microstructure, properties, processing and 
performance of materials is influenced by the purity of the starting metal or ceramic 
powder (Upadhyaya, 2005).  
 
The selection of one spesific process depends on a number of factors, such as: 
1. Type of materials and their properties. 
2. Final desired properties with respect to part performance. 
3. Size, shape, and complexity of the part. 
4. Subsequent processing. 
5. Availability of equipments and operating experience in the field. 
6. Overall cost of processing (Lindroos et al., 2004). 
 
One of the significant advantages of powder metallurgy (PM) is the low cost, 
because the sintered part preserves 99% or more of powders originally used; 
however, the wastage of material can be 20% or more in other methods. 
Additionally, this process is given preference by non-polluting and saving energy 
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and material (Delforge et al., 2006). Powder metallurgy reduces the cost of forming 
and machining cost and provides to produce a material with advanced mechanical 
properties. Uniform distribution of particles is another advantage of the PM 
processing over other fabrication techniques (Liu et al., 1994). 
 
Some particular subgroups involve: conventional powder metallurgy (PM), metal 
injection molding (MIM), hot isostatic pressing (HIP), cold isostatic pressing (CIP), 
and powder forging (P/F). As shown in table 5.1 shows each processes of powder 
metallurgy with relative to their characteristic advantages and limitations (Newkirk 
and Kohser, 2004).  
Table 5.1 : Comparison of Four Powder Processing Methods (Newkirk and 
Kohser, 2004). 
 
In the basic powder metallurgy process, high purity, custom-mixed, or prealloyed 
powders are fed into a die in order to be compacted to a desired shape, and ejected. 
Then, the pressed powder is sintered by heating in a controlled atmosphere furnace to 
bond the powder particles (Newkirk and Kohser, 2004). Moreover, sintering 
atmosphere and sintering temperature are two main effects of the sintering 
process(Lindroos et al., 2004). The piece is applied to complete by optional post-
sintering operations, such as infiltration, finish machining, or surface treatment 
(Newkirk and Kohser, 2004).  
 
Some variables, including the type and size of powder, the amount and type of 
lubricant, the type of pressing and the pressing pressure, the sintering time and 
temperature, and the details of secondary processing influence on the properties of 
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powder metallurgy products (Newkirk and Kohser, 2004). High dislocation density 
into the matrix is the extra advantages of the PM process. Furthermore, the produced 
subgrain size is small, and solid state processing causes a minimum reaction between 
the matrix and the reinforcement. This PM technique is most widely used for 
composites with steel or other high performance materials such as tungsten, 
molybdenum, niobium, and tantalum as matrix, which are difficult to produce by the 
conventional liquid metallurgy processes in high temperatures (Lindroos et al., 
2004). Besides, most mechanical properties depend on final density because of the 
voids, which act as stress raisers and assist in starting and propagating fractures. 
Therefore, the fracture-limited properties such as toughness, ductility, and fatigue life 
have a tendency to sensitively change in density compared with strength or hardness 
(Newkirk and Kohser, 2004). 
 
The powder metallurgy is also available to manufacture complex shaped materials in 
high volumes production. Moreover, Figure 5.1 illustrates the some applications of 
powder metallurgy which is used in the various sectors of industries such as 
automotive, war, household-electric, hard metal, brakes, clutches and many 
others(1). According to Metal Powder Industries Federation (MPIF), the parts are 
produced over than a million of tons of annually through the powder metallurgy 
(Delforge et al., 2006). 
 




5.1 The Process Steps of Powder Metallurgy 
The conventional way of manufacturing in powder metallurgy, which is known as 
primary manufacturing, contains blending or mixing, compaction and sintering 
(Lindroos et al., 2004; Liu et al., 1994). The secondary manufacturing is to deform 
further by extrusion, rolling or other metal-working methods (Liu et al., 1994). The 
first process of mixing the raw materials is an important step to control the 
distribution of particles and porosity in the composites. Compaction process provides 
to gain a desirable shape of specimen which is called green body after compaction 
(Lindroos et al., 2004). 
5.1.1 Starting materials 
The starting material plays an essential important role in the success of powder 
metallurgy process. Although chemistry and purity is still basic variables, they are 
produced to have unique properties by using particle size, size distribution, particle 
shape, and the surface texture of the particles (Newkirk and Kohser, 2004). 
 
Some types of melt atomization technique are used to produce over 80% of a 
commercial powder. The fragmentation, which is commonly caused by a stream of 
pressurized gas or liquid, solidify into the powder particles via a stream of liquid is 
broken into small molten droplets. Surface tension allows the liquid fragments turn 
into a spherical shape during cooling. As a consequence, these conditions affect the 
final geometry of the powder (Newkirk and Kohser, 2004). Though each technique 
provide to produce particles which have unique characteristics, powders can also be 
produced by the chemical reduction of particulate compounds, electrolytic deposition 
from solutions or fused salts, pulverization or grinding of brittle materials, thermal 
decomposition of carbonyls and hydrides, precipitation from solution, and 
condensation of metal vapors (Newkirk and Kohser, 2004).  
5.1.2 Mixing or blending 
The mixing of the powders permits to prepare a uniform mixture of two or more 
elements. There are three main mixing methods: dry mixing, wet mixing, and ball 
milling (blending). The methods are chosen according to the materials to be mixed, 
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their size, and properties (Lindroos et al., 2004).There is a probability that the 
starting material can be various combinations such as a mixture of various types or 
sizes of powder, powders of different chemical compositions, and additions of 
lubricants or binders (Newkirk and Kohser, 2004).  
 
Alloys are produced by mixing powders of different compositions. Although 
prealloyed powders created by melt atomization, mixed powders tend to be 
compacted easier. This is an important concern for the production of the part and 
because part is produced by high production volume. However, the individual 
elements or master alloys frequently represent a small percentage of the volume of 
the mixed powder, and the part is slightly fraction of mixture. Moreover, 
inhomogeneity takes place in sintered compact and sintering is not usually enough to 
fully homogenize the resulting part (Newkirk and Kohser, 2004).  
 
Another option for production is diffusion alloyed powders. Even though compaction 
is still good, the homogenization is mostly succeeded. Therefore, the properties are 
developed because of smaller alloying elements and particles come closer together 
(Newkirk and Kohser, 2004).  
 
Segregation and agglomeration are the two major common problems in mixing of the 
powders. Particles have to prefer some particular property at some part of the system 
during segregation. Powder properties, or velocity gradients created by mixing, 
handling, transporting, or movement of materials cause to segregation with different 
flow rates (Lindroos et al., 2004). 
 
Various affecting factors for flow and therefore segregation are:  
– particle shape, size, and size distribution, 
– particle density, 
– ratio of components, and 








Compaction is a most likely critical step in the PM process due to decision of both 
the density of the powder and the uniformity of the product (Newkirk and Kohser, 
2004). Compaction is the most widespread technique to achieve the desired shape of 
a powder mixture. Other ways are extrusion, rolling or slip casting (Lindroos et al., 
2004). The aim of compaction is to create a sufficient green strength and high-
density compact. Since final properties strongly depend on density, uniform density 
is a necessary to constitute uniform properties (Newkirk and Kohser, 2004).  
 
Mechanical or hydraulic presses and rigid tooling are used for most compaction 
(Newkirk and Kohser, 2004). The powders are pressed in a die at pressures and they 
are attached to each other to get a green compact with an adequate density. 
Compaction mechanism proceeds with different processes depending on the 
pressure. At low pressures, the particles rearrange and are deformed plastically or 
elastically. On the other hand, at higher pressures, the brittle particles fragment at. 
Moreover, it is difficult to compress the hard materials. The density of the material, 
which depends on the compaction pressure, controls the green strength of the 
material (Lindroos et al., 2004).  
 
As seen in Figure 5.2, pressing within fixed dies can be separated into two parts: 
single action pressing and double action pressing. Single action pressing is applied 
with the lower punch and the die are both stationary. The pressing is only operated 
by the upper punch as it moves into the fixed die. In addition, the die wall friction 
avoids forming uniform pressure distribution, thus on the top part of compact has a 
higher density than on the bottom. In Double action pressing, while the die is 
stationary in the press, upper and lower punches move concurrently from above and 
below into the die. At the top and bottom side of the compact is greater density than 
in the centre part, where is called as ‘neutral zone’, is relatively weak (Upadhyaya, 




Figure 5.2 : Single and double acting powder compaction (Upadhyaya, 1996). 
 
Figure 5.3 shows a typical compaction sequence using a mechanical press (Newkirk 
and Kohser, 2004). According to conventional method of compaction, the pressure is 
frequently applied in one direction, so irregular distribution of consolidation with 
inadequate density is obtained. However, the subsequent processing of the green 
compact such as sintering and secondary treatments may be necessary to solve this 
problem. Cold isostatic pressing (CIP) method is developed to control superior the 
quality of green compacts under a high pressure. There are some essential advantages 
of CIP over the other methods. These include the uniformity of the achieved density, 
controlling shrinkage and limiting residual stresses resulting from the wall friction in 
one-dimensional pressing. Binders, which are used as lubricants during compaction, 
provide the green strength increases of ceramics. However, they may reduce the 




Figure 5.3 : Flowchart of the press and sinter process (Newkirk and Kohser, 2004).  
 
5.1.4 Sintering 
The pressed compacts are sintered in a controlled atmosphere environment and 
heated. Firstly, a burn-off or purge is performed to combust any air, and lubricants or 
binders are volatilized and removed. The temperature of the compacts is raised under 
control and the temperature is increased to a solid state diffusion level which occurs 
at normally 70–80% of the melting point for metals and approximately 90% for 
refractory materials. The particles have to possess an enough time to form bridging 
bonds. Moreover, the mechanical bonds of compaction are converted into 
metallurgical bonds (Newkirk and Kohser, 2004). The sintering process is essentially 
the result of atomic motion stimulated by the high temperatures. The initial strains, 
surface area and curvature of the pressed powder compact are the driving force for 
the atomic motions during sintering. Figure 5.4 shows the different patterns of 




Figure 5.4 : Various sintering mechanisms (Coşkun, 2006). 
 
Process variables of sintering are sintering temperature, time and green density. 
Figure 5.5 indicates the effect of increasing temperature and green density on 
densification. Increasing the sintering temperature significantly increases the rate and 
sintered density during sintering.Even though the grade of sintering increases with 
increasing time, the effect of time is not high as the temperature effect. It is difficult 
to eliminate all porosity because of the loss of driving force with increasing time at 
any temperature. The desired properties of the sintered materials are achieved by 
shorter sintering times and also higher temperatures although high temperature 
operations result in higher maintenance costs and energy consumption of a furnace. 
A decreasing green density indicates an increasing amount of internal surface area 
and also a greater driving force for sintering. The percentage of density increases 
much more with decreasing green density whereas the absolute value of the sintered 
density remains highest for the higher green density material (Upadhyaya, 1996).   
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Figure 5.5 : Effects of increasing green density and sintering temperature on 
densification. (Upadhyaya, 1996).  
 
Densification or shrinkage of the sintered part is so frequently related with all types 
of sintering. Although expansion or no net dimensional change is relatively possible, 
sintering can occur without any shrinkage to avoid very huge dimensional changes. 
The driving force for solid state sintering is the excess surface free energy. Sintering 
is a complex route with different stages of sintering conditions, driving forces and 
material transport mechanisms. These steps of sintering  include respectively: (1) 
Initial bonding among particles (2) Neck growth (3) Pore channel closure (4) Pore 
rounding (5) Densification or pore shrinkage (6) Pore coarsening (Upadhyaya, 1996).  
 
A compacted part is heated to a higher temperature than the half of the material 
fusing temperature and sintering process advances unions between metallic particles. 
Therefore, the material achieves the specific physical, chemical and mechanical 
properties. Figure 5.6 is a model of the densification that takes place in mass 
transportation (Delforge et al., 2006).  
 
 




The driving force of sintering is the decrease in the surface area correlated with 
pores. Reducing in the surface area results in decreasing not only the surface energy 
and also the overall system’s energy. Sintering is managed by diffusion, and the 
atoms must have a certain activation energy, so transport can occur with an energy is 
given at the high temperature (Lindroos et al., 2004). With increasing time, diffusion 
proceeds to decrease the size of remaining pores, which is strongly influenced by the 
driving force for densification, the reduction in surface area, and the ability to 
transport atoms to pores. The process causes to proceed more slowly because of low 
densification. Besides, at densities more than 90%, grain growth provides to separate 
in grain boundaries from the pores and atoms transform slowly (Newkirk and 
Kohser, 2004).  
 
Metallurgical bonds occur between the powder particles during sintering. Moreover, 
some desirable properties such as strength, ductility, toughness and electrical and 
thermal conductivities are also improved when the density increases. As a result of 
the density increase, size decreases. However, the compacted part should be suitably 
oversize to have desired tolerances, so the porosity is not fully removed. In addition, 
between 5% and 25% residual porosity are usually in final pressed and sintered 
powder metallurgy products (Newkirk and Kohser, 2004).  
 
5.2 Mechanical Alloying  
5.2.1 History and definition of mechanical alloying 
Materials scientists research always scientific studies to improve the properties and 
performance of materials such as mechanical, chemical, and physical characteristics 
by using chemistry modifications and conventional thermal, mechanical, and 
thermomechanical processing methods. Rapid solidification from the liquid state, 
mechanical alloying, plasma processing, and vapor deposition are applied amongst 
many such commercial processes (Suryanarayana, 2001). 
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Mechanical alloying (MA) is a dry and high-energy milling process of material 
synthesis with non-equilibrium structures such as extended solid solutions, alloys of 
immiscible elements, amorphous phases, all sorts of compounds and composites (Le 
Caer et al., 2002). Moreover, mechanical alloying is a powder processing method 
lead to produce homogeneous materials with using blended elemental powder 
mixtures (Suryanarayana, 2001). John Benjamin and his colleagues at the Paul D. 
Merica Research Laboratory of the International Nickel Company (INCO) developed 
the mechanical alloying process in 1966 to manufacture a material associated with 
oxide dispersion strengthening with gamma prime precipitation hardening in a 
nickel-based superalloy for gas turbine applications, is becoming gradually more 
widespread in the materials science and metallurgy (Suryanarayana, 2001; El-
Eskandarany, 2001). 
 
There are two dissimilar terms are generally used to represent the processing of 
powder particles in high-energy ball mills. These are mechanical alloying (MA), 
mechanical milling (MM) and mechanical disordering (MD). Mechanical alloying 
(MA) explains the process when mixtures of powders such as different metals or 
alloys/compounds are milled simultaneously to obtain a homogeneous alloy during 
material transfer. In contrast, Mechanical Milling (MM), which is also known as 
mechanical grinding, is milling of uniform stoichiometric composition powders, such 
as pure metals, intermetallics, or prealloyed powders, where material transfer is not 
necessary for homogenization (Suryanarayana, 2001). While mechanical milling is 
usually used for blending powders or crushing rocks, the powder particles sustain 
unchanged or are fractured into smaller particles in the process of milling (Zhang, 
2004). Mechanical Disordering (MD) causes to destruct a long-range order in 
intermetallics to create either a disordered intermetallic or an amorphous phase. The 
advantage of MM/ MD over MA is the powders are previously alloyed and only a 
reduction in particle size and other transformations is just required to be induced 
mechanically in shorter times. Although some researchers denote MA term to consist 
of both mechanical alloying and mechanical milling/disordering/grinding, MA 
should also be signified as a generic term (Suryanarayana, 2001).  
 
Mechanical alloying also improves the sinterability of the powders since it 
significantly increases the metal/metal contacts in the compact. Sintering or hot 
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isostatic pressing is used to recrystallize the flaky grains after consolidation of MA 
powders, so a material with equiaxed microstructure and uniform reinforcement 
distribution is produced by mechanical alloying (Lindroos et al., 2004). 
5.2.2 Types of milling 
There are several types of high-energy milling equipment with various capacity, 
efficiency of milling are used to produce mechanically alloyed powders 
(Suryanarayana, 2001).  
 
Wet mixing, which is one of the methods for preventing segregation, contains the 
formation of a slurry. The slurry permits to produce a uniform dried mixture. The 
solvent (water or organic) is not only enough to produce high dense materials by 
mixing of the powders, so suspending agents which increase the viscosity are added. 
Binders are used to obtain the convenient viscosity in the slurry with the sufficient 
green strength (Lindroos et al., 2004).  Besides, plasticizers soften the binder to 
prevent cracking during drying and they give the flexibility to the green bodies. 
Deflocculating or dispersing agents also inhibit agglomeration. Table 5.2 shows 
several binders, plasticizers, suspending and deflocculating agents generally used in 
P/M processing (Lindroos et al., 2004).  
Table 5.2 : Mixing Additives to Slurries (Lindroos et al., 2004).  
 
 
Ball milling is a very suitable method for thorough mixing is required. This can be 
proceed either dry or wet. Dry milling is generally known as mechanical alloying. 
Ball milling is related with not only comminuting and also several other processes. 
The stages of ball milling involve microforging, fracture, and agglomeration 
(Lindroos et al., 2004). In addition, ball milling has developed for standard technique 
in powder metallurgy to be used mostly for particle size reduction and to prepare 
materials with improved physical and mechanical properties, new phases and new 
engineering materials (El-Eskandarany, 2001). 
 56
The ball mills can be categorized into two types: centrifugal and planetary mills. In a 
centrifugal ball mill, a single bowl fastener move only horizontal and eccentric 
directions while not rotating itself. In planetary ball mills, two or four bowl fasteners 
and supporting disc spin in opposite direction to create two special centrifugal forces 
act on the bowl contents during grinding (Upadhyaya, 1996). Figure 5.7a indicates 
shaker mills such as SPEX mixer, which mills approximately 10-20 g of the powder 
at a time, are most usually utilized for laboratory studies and for alloy screening 
purposes. Figure 5.7b illustrates a representative example of a tungsten carbide vial, 
gasket and grinding balls for the SPEX mill (Suryanarayana, 2001).  
 
       
     (a)           (b) 
Figure 5.7 : (a) SPEX 8000 mixer/mill  (b) Tungsten carbide vial set consisting 
of the vial, lid, gasket, and balls (Suryanarayana, 2001).  
Figure 5.8a demonstrates another fashionable mill for MA researches is the planetary 
ball mill, which is referred to as Pulverisette, mills in a few hundred grams of the 
powder at a time. The vials rotates around their own axes to create the centrifugal 
force by the rotating support disk both act on the vial contents and the grinding balls. 
Figure 5.8b shows a schematic demonstration of ball motion in a planetary ball mill. 
The vials and the supporting disk rotate in opposite directions, so the centrifugal 
forces alternately perform in same and opposite directions. These result in friction 
effect which causes to run down the grinding balls to the inside wall of the vial. 
Subsequently, the impact effect takes place in the material being ground and grinding 
balls to lifts off and moves freely through the inside chamber of the vial and collides 
against the opposing inside wall (Suryanarayana, 2001). As seen in Figure 5.8c, 
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although the disk and the vial rotation speeds have not separately controlling 
mechanism in the earlier versions, it is possible to control in the modern versions 
such as Pulverisette 5 or 7, which has either two milling stations in a single mil and 
Pulverisette 5, which has four milling stations. Grinding vials and balls are used in 
eight different materials such as agate, silicon nitride, sintered corundum, zirconia, 
chrome steel, Cr-Ni steel, tungsten carbide, and plastic polyamide (Suryanarayana, 
2001). Even though the linear speed of the balls in Fritsch Pulverisette is higher than 
that in the SPEX mills, the frequency of collisions is further in the SPEX mills. 
Hence, in comparison to SPEX mills, Fritsch Pulverisette can be used for lower 
energy mills (Suryanarayana, 2001). 
 
  
(a)   (b) 
 (c) 
Figure 5.8 : (a) Fritsch Pulverisette four station ball mill, (b) Schematic drawing of a 
high-energy planetary ball mill, (c) the ball motion insidethe ball mill 
(Suryanarayana, 2001; El-Eskandarany, 2001). 
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Another type of mills is the attritor mills. Attritors are the mills in which large  
quantities of powder (from about 0.5  to 40kg) can be milled at a time 
(Suryanarayana, 2001). Figure 5.9a shows a conventional ball mill is attritor, which 
contains a rotating horizontal drum half-filled with small steel balls, mills in large 
amount of powder from about 0.5 to 40 kg. Figure 5.9b illustrates operation of 
attritor an increase in the speed of rotation enhances the rate of grinding. 
(Suryanarayana, 2001).  
 
                
          (a)            (b) 
Figure 5.9 : (a) Attritor, (b) Rotating mechanism of atritor (Suryanarayana, 2001). 
5.2.3 The mechanism of mechanical alloying  
Mechanical alloying (MA) is a dry, high energy ball milling method for fine 
microstructure powders. Mechanical alloying accomplishes with using balls which is 
highly agitated and it involves the steps respectively; the repeated cold welding and 
fracturing of a mixture (Lindroos et al., 2004).  
 
Figure 5.10 represents various combinations of the starting constituents used in 
mechanical alloying. In the primary steps of milling, the ductile metal powder 
particles get flattened by the ball-powder-ball collisions, whereas the brittle oxide or 
intermetallic particles are fragmented (Suryanarayana, 2001).  
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Figure 5.10 : Deformation characteristics of starting powders used in 
mechanical alloying (Suryanarayana, 2001).  
Figure 5.11 illustrates the schematic figure of high energy collosion of two balls and 
trapping og powder between them. The ductile elemental metal powders become 
more flat, and the atomic clean surfaces just overlap and tend to weld together. 
Simultaneously, work hardened elemental or composite powders fracture. These 
challenging processes of cold welding and fracture occur continually throughout the 
milling (Upadhyaya, 1996).  
 
Figure 5.11 : Effect of single collision between two balls on trapped powder 
(Upadhyaya, 1996).  
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The cold welding is so ideal to form the interfaces and it becomes an integral part of 
the particle. Meanwhile, they also create that reasonable plastic deformation occurs 
during milling. Therefore, mechanical alloying which is continuously series 
processes of excessive plastic deformation and cold welding occur during milling. 
The nature of the milling process is revolutionized because it practically results in a 
new powder material which is completely different from the starting powders. 
Consequently, the process does not create a new material because of unchanging the 
microstructure of the powder (Zhang, 2004). 
5.2.4 Process variables 
Mechanical alloying is a complex method and it contains optimization variables to 
achieve the favorable product phase and/or microstructure. Therefore, some of the 
important parameters of effect on the final constitution of the powder are: type of 
mill, milling container, milling speed, milling time, type, size, and size distribution 
of the grinding medium, ball-to-powder weight ratio, extent of filling the vial, 
milling atmosphere, process control agent, and temperature of milling 
(Suryanarayana, 2001). Figure 5.12 represents schematically main effects of 
controlling the mechanical alloying process (El-Eskandarany, 2001). 
 
Figure 5.12 : Schematic presentation of the main factors that affect the MA 




Impact forces are relative to the mass of the milling medium. Small diameter of the 
balls is used to grind adequately while large balls are suitable for large strong 
particles. Rough balls cause to high friction and abrasion such as wear of the 
particles. Chemical additives can be used to avoid cold welding and agglomeration. 
Surface active agents reduce the surface tension during milling, so shorter milling 
times and finer powders are achieved (Lindroos et al., 2004). The more mixing 
grinding process is determined, the smaller is the ball size chosen. However, during 
centrifugal ball mill, the grinding time is increased as a consequence of smaller ball 
acceleration (Upadhyaya, 1996).  Figure 5.13 shows that the rate of refinement of the 
internal structure such as particle size, crystallite size, lamellar spacing is 
approximately logarithmic with processing time. For that reason, the size of the 
starting particles is not so important because in a few minutes to an hour, the lamellar 
spacing is generally small and the crystallite or grain size becomes in nanometer (1 
nm = 10-9m or 10Ǻ) dimensions (Suryanarayana, 2001).  
 
























6.  EXPERIMENTAL PROCEDURE  
The experimental procedure of this study was designed with the aim of improving 
valuable information about sintering, microstructural and mechanical properties of 
yttria partially stabilized zirconia (Y-PSZ) prepared by high energy milling. Powder 
blends of zirconia (ZrO2) and yttria (Y2O3) are mechanically milled (MM’d) for 1h 
and 2h, consolidated and are then sintered at 1530 °C, 1550 °C and 1570 °C to 
develop yttria partially stabilized zirconia materials. The powder blends contain 3, 4 
and 5 mol % yttria as the stabilizer. The effects of the yttria amount, the mechanical 
milling duration and sintering regime on the microstructural and mechanical 
properties were investigated. Microstructure and phase characterizations were 
performed via particle size, differential scanning calorimetry / thermal gravimetric 
analysis (DSC/TGA), optical microscope (OM) images, XRD, SEM analyses.  
Furthermore, density and hardness measurements of the as-consolidated and sintered 
samples were carried out. The experimental procedure of the study is summarized in 
the flow chart show in Figure 6.1. 
 
Typical abbreviation of  Y corresponds to yttria (Y2O3) and  the prefix term of Y  
indicates the amount mol% of Y2O3. Moreover, Y noted as prefix to the partially 
stabilized zirconia (PSZ) as a second term. Third MM term indicates the duration of 
mechanical milling and the last term signify the sintering temperature of the sample. 
For example, 3Y-PSZ-MM1h-1550 stands for partially stabilized zirconia (PSZ) with 
an addition of 3mol% Y2O3 which is mechanically milled for 1 h and sintered at 
1550°C. 
6.1 Preparation of Samples 
6.1.1 Mechanical alloying 
In this study, ZrO2 and Y2O3 powders with average particle sizes of 26.643 µm and 
13,961 µm were used, respectively. Y2O3 were used as a stabilizer with different mol 
percentages in order to investigate the effect of Y2O3 amount in partially stabilized 
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zirconia. Thus, power blends of ZrO2 with 3 mol %, 4 mol % and 5 mol % Y2O3 
were milled for 1 h and 2 h in zirconium oxide vials (Figure 6.2 (b)) of Fritsch 
planetary micro-ball mill Pulverisette 7 (Figure 6.2 (a)) with a speed of at 1000 rpm. 
Moreover, 2 wt % steraic acid of total powder blends’ weight was also added to each 
mixtures because stearic acid provides to minimize cold welding between powder 
particles and thereby to inhibit the agglomeration. As shown in Figure 6.3, yttria 
stabilized zirconia (YSZ) balls with a diameter of 6,35 mm (¼ inches) were used as 
milling media. The balls-to-powder weight ratio was 10:1. Mechanical milling of the 
powder mixtures proceeded in dry conditions. 
 
Figure 6.1 : The flow chart of experimental procedure. 
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          (a)          (b) 




Figure 6.3 : YSZ balls with a diameter of 6,35 mm (¼ inches). 
6.1.2 Compaction  
The mechanically milled powders were compacted by cold pressing in a tool-steel  
die at a pressure of 150 MPa into 1,5 g cylinder shaped green compacts with a 
diameter of ≈12.8mm for 30 seconds by using a 10 ton capacity “APEX™ 3010/4” 
one-action hydraulic press as shown in Figure 6.4. Zinc stearate was applied to the 




Figure 6.4 : The picture of APEX™ 3010/4 one-action hydraulic press. 
 
6.1.3 Debinding 
Debinding, which is a process between compaction and sintering steps, is required to 
remove binders such as stearic acid. In this study, stearic acid was also added to 
powder blends of ZrO2 with 3 mol%, 4 mol% and 5 mol% Y2O3. Thus, debinding 
process was carried out on the ProthermTM Debinding Furnace (Figure 6.5) at 550 °C 
for 2h in order to remove stearic acid. Debinding regime involved a heating/cooling 
rate of 2 °C/min. 
 
 
Figure 6.5 : ProthermTM Debinding Furnace. 
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6.1.4 Sintering 
As shown in Figure 6.6, sintering was performed in Protherm Standard Chamber™ 
furnaces, which are used to heat a material up to 1700 °C, provide uniform sintering 
process by heating elements in the two sides of the furnace.   
 
 
Figure 6.6 : Protherm Standard Chamber™ furnaces. 
Bıçak, B. M., Aydın, Y., Özkaya, D. H., and Oskay C., investigated the optimization 
of the sintering temperatures for Y2O3 partially stabilized ZrO2 at 1100 °C, 1200 °C, 
1300 °C, 1400 °C and 1500 °C for 1 h but they have not adequately achieved 
desirable Y-PSZ materials with high density and mechanical properties (2009). 
Therefore, in this study the higher sintering temperature and time are determined to 
investigate. Compacted green specimens were sintered in air at 1530°C, 1550°C and 
1570° C for 2 h. A typical sintering regime involved a heating/cooling rate of 10 
°C/min. Y-PSZ samples were produced after sintering process as seen in Figure 6.7. 
  
 
Figure 6.7 : Y-PSZ sintered samples. 
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Sintering regime was applied at each compacted samples of ZrO2 with 3 mol %, 4 
mol % and 5 mol % Y2O3 were milled for 1 h and 2 h as indicated in Table 6.1. 





















Table 6.1 : Sintering temperatures and time of compacted samples. 
Composition      
(mol%) 
Milling 






Time         
(h) 


























Figure 6.8 : Sintering regimes for sintering temperatures at 1530 °C, 1550 °C and 
1570 °C. 
6.2 Characterization of Powder Mixtures and Sintered Samples 
6.2.1 Particle Size Distribution 
Initial powders and mechanical milled (MM’d) powders were analyzed by using 
Malvern InstrumentsTM Mastersizer 2000 laser particle size analyzer (Figure 6.9). 
Particle size distributions were carried out by using distillated water or ethyl alcohol. 
Before analyzing particle size, powders were held to inhibit agglomerations in 
Bandalin Sonorex model ultrasonic bath for approximately 15 minutes. All analysis 
was repeated three times for obtaining more accurate average particle size values.   
 
 
Figure 6.9 : Malvern InstrumentsTM Mastersizer 2000 laser particle size analyzer. 
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6.2.2 Microstructural and phase characterizations 
The microstructural and phase characterizations of mechanical milled (MM’d) 
powders and sintered samples were carried out by differential scanning calorimetry / 
thermal gravimetric analysis (DSC/TGA), optical microscope (OM), scanning 
electron microscope (SEM) and X-ray diffraction (XRD) analyses. Before the 
sintered samples were characterized, they were mounted in bakelite (Figure 6.11) by 
using the Struers™ Labopress-1 machine (Figure 6.10a).  After that, the samples 
were treated for grinding with 180, 240, 400, 600, 800, 1000 and 1200 grit silicon 
carbide papers under water rinsing respectively. Then, the samples were polished on 
the Struers™ Tegrapol-15 automatic polishing machine as shown in Figure 6.10b.   
 
    
Figure 6.10 : a) Picture of the Struers™ Labopress-1 machine, (b) picture of 
Struers™  Tegrapol-15 automatic polishing machine. 
 
Figure 6.11 : Picture of sintered sample mounted in bakelite. 
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DSC/TGA experiments of the mechanical milled powders were carried out to 
measure the heat flow and weight changes associated with transformation in TA 
instruments SDT Q600TM DTA-DSC-TGA analyzer as seen in Figure 6.12. 
DSC/TGA anaylsis was performed from the room temperature to 1500 ° C with 
heating rate of 10 °C/min.  
 
Figure 6.12 : SDT Q600TM DTA-DSC-TGA analyzer. 
Initial and mechanical milled powders and sintered samples were characterized by X-
ray diffraction (XRD) analysis. Phase characterization was carried out with using 40 
kV and 40 mA Cu Kα on BRUKERTM D8 Advance type X-ray diffractometer  
(Figure 6.13). The initial and mechanical milled powders were scanned between 20° 
to 100° 2θ values and sintered specimens were examined between 20° to 130° 2θ 
values. A scanspeed rate of 2 °/C was used in all XRD phase characterizations. 
 
Figure 6.13 : BRUKERTM D8 Advance type X-ray diffractometer 
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In order to reveal the grain boundaries, polished surfaces were etched by using the 
etchant used consisted of 45 ml H2O, 45 ml HNO3  and 10 ml HF for 2 minutes 
before the microscopic analyses. Optical microscope analyses were carried out on a 
Nikon™ Eclipse L150 optical microscope as displayed in Figure 6.14a. On the other 
hand, SEM analyses were carried out on a Jeol™-JSM-T330 scanning electron 
microscope (Figure 6.14b). Moreover, EDS analysis of powders and sintered samples 
was also determined. 
 
            
 
Figure 6.14 : (a) Picture of Nikon™ Eclipse L150 optical  microscope, (b) Picture 
of Jeol™-JSM-T330 scanning electron microscope. 
 
6.2.3 Density measurements 
Densities of green compacts were calculated geometrically which is ratio of mass to 
volume of specimens. On the other hand, density measurements of the sintered 
samples were carried out by not only dimensional density and also using liquid 
displacement which is known as “Archimedean density”. In this method the density, 
the sample is firstly weighed in air and then in a liquid. The weights in air and in 
liquids were measured by using Precisa™ XB220A Precision Balance (Figure 6.15).  
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Figure 6.15 : Picture of Precisa™ XB220A Precision Balance. 
After that, as estimated in equation (6.1), the mass in air is divided to the difference 
of these results and then multiplied with the density of the liquid. In this study, ethyl 








                   (6.1) 
6.2.4 Hardness measurements  
Hardness measurements were carried out on a Shimadzu™ micro hardness tester 
with a Vickers indenter under a load of 1961 N, HV 0.2 for 10 seconds. Results of 
hardness tests were averaged out of 10 successive indentations. Figure 6.16 shows 
the Shimadzu™ micro hardness tester. 
 

























7.  RESULTS AND DISCUSSION 
7.1 Characterization of Powders 
7.1.1 Particle size distribution 
Figure 7.1a and Figure 7.1b show the respective particle sizes analyses of initial ZrO2 






Figure 7.1 : Particle size analysis of initial powders (a) ZrO2, (b) Y2O3. 
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While particle size distributions measurements were carried out by using distilled 
water, due to agglomeration, the mechanical milled powders were not suspended 
well enough in distilled water. For example, ZrO2 with 4 mole % Y2O3 which was 
mechanically milled for 2 h (Figure 7.2b) has more agglomeration than for 1 h 
(Figure 7.2a) because lots of peaks occurred in the particle size curve and the average 





Figure 7.2 : By using distillated water, particle size analysis of ZrO2 with 4 







For this reason, particle size distributions of mechanically milled powders were 
carried out using ethyl alcohol and the particles were adequately suspended in the 
ethyl alcohol. As shown in Figs. 7.3a and 7.3b, particle sizes of ZrO2 with 3 mol% 
Y2O3 powders MA’d for 1 h and 2 h were 0.122 µm and 1.957 µm, respectively. 
ZrO2 with 3 mol% Y2O3 powders MA’d for 2 h had a higher particle size because of 






Figure 7.3 : Particle size analysis of (a) ZrO2 with 3 mol% Y2O3 powders MM’d for 






ZrO2 with 4 mol% Y2O3 powders MM’d for 1 h (Figure 7.4a) and 2 h  (Figure 7.4b) 
had average particle sizes of 0.127 µm and 0.132 µm, respectively. Although 
agglomeration of ZrO2 with 4 mol% Y2O3 powders MM’d for 2 h exist slightly, these 
powders were not as high as 3 mol% Y2O3 MM’d for 2 h. Therefore, the particle 







Figure 7.4 : Particle size analysis of (a) ZrO2 with 4 mol% Y2O3 powders MM’d for 
1 h (b) ZrO2 with 4 mol% Y2O3 powders MM’d for 2 h. 
As seen in Figs. 7.5a and 7.5b , particle sizes of ZrO2 with 5 mol% Y2O3 powders 
MM’d for 1 h and 2 h were 0.516 µm and 2.567 µm, respectively. Particle size 
distribution curve of ZrO2 with 5 mol% Y2O3 powders MM’d for 1 h and 2 h had 
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more than one peak, inferring the effect of agglomeration. However, agglomeration 
of ZrO2 with 5 mol% Y2O3 powders MM’d for 1 h was less, so ZrO2 with 5 mol% 







Figure 7.5 : Particle size analysis of (a) ZrO2 with 5 mol% Y2O3 powders MM’d for 









7.1.2 Phase analyses and microstructure characterizations 
Figs. 7.6a-c are respective XRD diffraction patterns of initial powder mixture and 
ZrO2 with 3 mol%, 4 mol% and 5mol% Y2O3 powders mechanically milled for 1h 
and 2 h. With increasing mechanical milling, peaks were broadened and heights of 
peaks were decreased because of grain size refinement and increase internal strain 
originated from mechanical milling. Although peaks of Y2O3 firstly existed in the 
XRD pattern of initial powder mixture, these peaks were absent in the XRD patterns 
of MM’d powders. According to XRD patterns of MM’d powders, peaks of 2Ө=30° 
showed that there was a transformation of monoclinic to cubic / tetragonal crystal 




Figure 7.6 : XRD patterns of initial powder mixture with MM’d (a) ZrO2 with 3 
mol% Y2O3 powders for 1 h and 2 h (b) ZrO2 with 4 mol% Y2O3 
powders for 1 h and 2 h (c) ZrO2 with 5 mol% Y2O3 powders for 1 h 







Figure 7.6 : (contd.) XRD patterns of initial powder mixture with MM’d (a) 
ZrO2 with 3 mol% Y2O3 powders for 1 h and 2 h (b) ZrO2 with 4 
mol% Y2O3 powders for 1 h and 2 h (c) ZrO2 with 5 mol% Y2O3 




Figs. 7.7a and 7.7b are the SEM images of initial ZrO2 and Y2O3 powders, which are 
nearly spherical particles. Mixture of initial powders has an average diameter of 0.2 
µm to 6 µm according to SEM analysis.  
 
    
(a)                         (b) 
Figure 7.7 : SEM images of initial ZrO2 and Y2O3 powders (a)1500 X (b)3500 X. 
As seen in Figure 7.7, whereas most of the powder particles are grey in contrast, 
some of them are light in contrast. Elemental compositions of these two different 
initial particles were carried out by Energy Dispersive Spectroscopy (EDS) link to 
SEM. Figure 7.8 shows the SEM image of the initial particle and Figs. 7.9a-b 
indicate EDS analysis of this SEM image at 1500 X magnification. According to 
EDS analysis, darker particles labeled as 2 in Figure 7.8, had much more wt % 
yttrium (Y) than bright particles (labeled as 1). Specifically, % wt Y of bright 
particles were 17.12 %wt whereas % wt Y of darker particles were 55,58%. 
Therefore, it is strongly possible that darker particles might be Y2O3.   
 






Figure 7.9 : EDS spectra taken from (a) region 1 and (b) region 2 of SEM image 
in Figure 7.9 of the initial powders. 
Although the avarage powder particle size decreased with increasing mechanical 
alloying duration up to 1 h, as seen in SEM images at 1500 X and 3500 X of ZrO2 
with 3 mol% Y2O3 MM’d for 1h (Figure 7.10) and 2 h (Figure 7.12),  ZrO2 with 4 
mol% Y2O3 MM’d for 1h (Figure 7.14) and 2 h (Figure 7.16), and ZrO2 with 5 mol% 
Y2O3 MM’d for 1h (Figure 7.18) and 2 h (Figure 7.20),  the agglomeration of 
powders which were mechanically milled for 2 h was larger than those MM’d for 1 
h. Average particle size of powders varied approximately from 100 nm to 3 µm in 
both particle size analysis and SEM images, indicating that SEM analyses are 
consistent with particle size analysis. Moreover, EDS analysis belonging to SEM 
images at 1500 X magnification of ZrO2 with 3 mol% Y2O3 MM’d for 1h (Figure 
7.11) and 2 h (Figure 7.13),  ZrO2 with 4 mol% Y2O3 MM’d 1h (Figure 7.15 ) and 2 
h (Figure 7.17), and ZrO2 with 5 mol% Y2O3 MM’d for 1h (Figure 7.19) and 2 h 
(Figure 7.21) was examined. Similar to SEM images of initial particles, there were 
different particles in mechanical milled particles of SEM images which include light 
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and dark particles. According to all EDS analysis of MM’d particles, wt % yttrium of 
bright particles were fewer than darker particles, so darker particles have 
compositions rich in Y2O3. 
 
    
                       (a)         (b) 







Figure 7.11 : EDS spectra taken from (a) region 1 and (b) region 2 of SEM image in 
Figure 7.11 of ZrO2 with 3 mol% Y2O3 MM’d for 1 h. 
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         (a)          (b) 






Figure 7.13 : EDS spectra taken from (a) region 1 and (b) region 2 of SEM image in 
Figure 7.13 of ZrO2 with 3 mol% Y2O3 MM’d for 2h. 
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        (a)          (b) 






Figure 7.15 : EDS spectra taken from (a) region 1 and (b) region 2 of SEM image in 
Figure 7.15 of ZrO2 with 4 mol% Y2O3 MM’d for 1 h.  
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         (a)          (b) 






Figure 7.17 : EDS spectra taken from (a) region 1 and (b) region 2 of SEM image in 
Figure 7.17 of ZrO2 with 4 mol% Y2O3 MM’d for 2 h. 
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         (a)          (b) 






Figure 7.19 : EDS spectra taken from (a) region 1 and (b) region 2 of SEM image in 
Figure 7.19 of ZrO2 with 5 mol% Y2O3 MM’d for 1 h. 
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        (a)           (b) 






Figure 7.21 : EDS spectra taken from (a) region 1 and (b) region 2 of SEM image in 
Figure 7.21 of ZrO2 with 5 mol% Y2O3 MM’d for 2h. 
The optical microscope (OM) images with 200 X and 500 X magnifications of initial 
and MM’d powders are shown in Figs. 7.22a-n . There were different areas in images 
which include bright yellow and brown region. The microstructure contains yellow 
phase within brown phase. Shapes of yellow region vary from irregular to sharped 
cornered. Moreover, sizes of bright yellow areas vary between 1 and 40 µm. 
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Moreover, according to EDS analyses, darker brown regions of optical images have 
compositions rich in Y2O3.   
 
     
          (a)                      (b) 
     
         (c)           (d) 
 
Figure 7. 22 : Optical microscope (OM) images of (a) Initial powders (200 X), (b) 
initial powders (500 X)  (c) ZrO2 with 3 mol% Y2O3 MM’d for 1 h 
(200 X) (d) ZrO2 with 3 mol% Y2O3 MM’d for 1 h (500 X)  (e) ZrO2 
with 3 mol% Y2O3 MM’d for 2 h (200 X) (f) ZrO2 with 3 mol% 
Y2O3 MM’d for 2 h (500 X) (g) ZrO2 with 4 mol% Y2O3 MM’d for 1 
h (200 X) (h) ZrO2 with 4 mol% Y2O3 MM’d for 1 h (500 X)  (i) 
ZrO2 with 4 mol% Y2O3 MM’d for 2 h (200 X) (j) ZrO2 with 4 mol% 
Y2O3 MM’d for 2 h (500 X) (k) ZrO2 with 5 mol% Y2O3 MM’d for 1 
h (200 X) (l) ZrO2 with 5 mol% Y2O3 MM’d for 1 h (500 X) (m) 
ZrO2 with 5 mol% Y2O3 MM’d for 2 h (200 X) (n) ZrO2 with 5 





     
            (e)                                                      (f) 
     
           (g)         (h) 
     
                                  (i)                                                              (j) 
Figure 7. 22 : (contd.) Optical microscope (OM) images of (a) Initial powders (200 
X), (b) initial powders (500 X)  (c) ZrO2 with 3 mol% Y2O3 MM’d 
for 1 h (200 X) (d) ZrO2 with 3 mol% Y2O3 MM’d for 1 h (500 X)  
(e) ZrO2 with 3 mol% Y2O3 MM’d for 2 h (200 X) (f) ZrO2 with 3 
mol% Y2O3 MM’d for 2 h (500 X) (g) ZrO2 with 4 mol% Y2O3 
MM’d for 1 h (200 X) (h) ZrO2 with 4 mol% Y2O3 MM’d for 1 h 
(500 X)  (i) ZrO2 with 4 mol% Y2O3 MM’d for 2 h (200 X) (j) ZrO2 
with 4 mol% Y2O3 MM’d for 2 h (500 X) (k) ZrO2 with 5 mol% 
Y2O3 MM’d for 1 h (200 X) (l) ZrO2 with 5 mol% Y2O3 MM’d for 1 
h (500 X) (m) ZrO2 with 5 mol% Y2O3 MM’d for 2 h (200 X) (n) 




     
            (k)                                                             (l) 
     
         (m)                                                               (n) 
Figure 7.22 : (contd.) Optical microscope (OM) images of (a) Initial powders 
(200 X), (b) initial powders (500 X)  (c) ZrO2 with 3 mol% Y2O3 
MM’d for 1 h (200 X) (d) ZrO2 with 3 mol% Y2O3 MM’d for 1 h 
(500 X)  (e) ZrO2 with 3 mol% Y2O3 MM’d for 2 h (200 X) (f) ZrO2 
with 3 mol% Y2O3 MM’d for 2 h (500 X) (g) ZrO2 with 4 mol% 
Y2O3 MM’d for 1 h (200 X) (h) ZrO2 with 4 mol% Y2O3 MM’d for 
1 h (500 X)  (i) ZrO2 with 4 mol% Y2O3 MM’d for 2 h (200 X) (j) 
ZrO2 with 4 mol% Y2O3 MM’d for 2 h (500 X) (k) ZrO2 with 5 
mol% Y2O3 MM’d for 1 h (200 X) (l) ZrO2 with 5 mol% Y2O3 
MM’d for 1 h (500 X) (m) ZrO2 with 5 mol% Y2O3 MM’d for 2 h 







Figs. 7.23a-f show DSC-TGA curves of ZrO2 - 3 mol% Y2O3, ZrO2 - 4 mol% Y2O3, 
and  ZrO2 - 5 mol% Y2O3 powders MM’d for 1h and 2 h. All of the curves showed 
similar behavior. There was an exothermic reaction at approximately 250 oC which 
indicates oxidation of the strearic acid added as process control agent  (PCA) and the 
loss of weight also began to increase. There was an endothermic reaction in all 
samples MM’d for 2 h at about 600 °C. Therefore, as seen in Figure 7.24a, XRD 
patterns of initial mixtures, ZrO2- 3 mol% Y2O3, ZrO2 - 4 mol% Y2O3, and  ZrO2 - 5 
mol% Y2O3 powders MM’d for 2 h, which were heated to 650°C and rapid cooled in 
liquid nitrogen, were carried out. Although heights of monoclinic ZrO2 peaks were 
smaller, tetragonal/cubic zirconium yttrium oxide were detected in XRD patterns of 
powders MM’d for 2h. According to DSC and XRD analyses for powders MM’d for 
2 h, this peak is believed to be due to increased MM duration which might increased 
the strain of materials in order to enforce the transformation of monoclinic to 
tetragonal/cubic zirconium yttrium oxide. However, the transformation could 
undergo from metastable tetragonal to more stable monoclinic phase at 
approximately 600 °C during cooling. Moreover, there are two endothermic reactions 
at approximately 900 oC and 1000 oC, which might be transformation of monoclinic 
to tetragonal zirconium oxide form for ZrO2 with 3 mol% and 4 mol% Y2O3 whereas 
overlapping of two different endothermic peaks were observed in DSC curves of 
ZrO2 with 5 mol% Y2O3 which may correspond to both transformations of 
monoclinic to tetragonal zirconium oxide and tetragonal to cubic zirconium yttrium 
oxide form. Thus, as seen in Figure 7.24b, XRD patterns of initial mixtures, ZrO2- 3 
mol% Y2O3, ZrO2 - 4 mol% Y2O3, and  ZrO2 - 5 mol% Y2O3 powders MM’d for 2 h, 
which were heated to 1000°C and rapid cooled in liquid nitrogen, were carried out. 
There are not only tetragonal/cubic zirconium yttrium oxide and also tetragonal 
zirconium oxide in these XRD patterns. Moreover, heights of tetragonal/cubic 
zirconium yttrium oxide peaks are higher in comparison with MM’d powders heated 
to 650 °C. As a consequence, there are transformations from monoclinic to tetragonal 
zirconium oxide crystal structure at about 900 oC and/or tetragonal to cubic 
zirconium yttrium oxide at 1000 oC according to DSC and XRD analyses. Moreover, 
according to TGA curves, loss of weight % of all MM’d powders varied in range of 3 
% to 4 % because of the oxidation of strearic acid. 
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(a)         (b) 
 
(c)         (d) 
 
(e)        (f) 
Figure 7.23 : DSC-TGA curves of (a) ZrO2 with 3 mol% Y2O3 MM’d for 1h, (b) 
ZrO2 with 3 mol% Y2O3 MM’d for 2 h, (c) ZrO2 with 4 mol% Y2O3 
MM’d for 1h, (d) ZrO2 with 4 mol% Y2O3 MM’d for 2 h, (e) ZrO2 
with 5 mol% Y2O3 MM’d for 1h (f) ZrO2 with 5 mol% Y2O3 MM’d 






Figure 7.24 : XRD patterns of initial powders, ZrO2- 3 mol% Y2O3, ZrO2 - 4 mol% 
Y2O3, and  ZrO2 - 5 mol% Y2O3 powders MM’d for 2 h, which were 
heated to (a) 650 °C, (b) 1000°C and rapid cooled in liquid nitrogen. 
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7.2 Characterization of as-Consolidated and Sintered Samples 
7.2.1 Density Measurements 
The densities of ZrO2 and Y2O3 are 5.56 g/cm3 and 5.01 g/cm3, respectively. 
However, theoretical densities of power blends should have been calculated in order 
to determine relative densities. Therefore, 15 g of ZrO2 with 3 mol% (5,36 wt%), 4 
mol% (7,09wt%) and 5 mol% (8,79 wt%) Y2O3 power blends were prepared to be 
mechanically milled for 1 h and 2 h. As calculated in equations (7.1), (7.2) and (7.3), 
theoretical densities of ZrO2 with 3 mol%, 4 mol% and 5 mol% Y2O3 power blends 
are 5.5275 g/cm3, 5.5170 g/cm3, 5.5069 g/cm3, respectively. 
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Three green compacts and sintered samples for each sintering temperature process 
were produced to measure more accurate dimensional and Archimedean densities. 
Moreover, all density measurements are repeated for three times.  
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The results of the dimensional density and relative density measurements of both 
green compacts and sintered samples are given in Table 7.1. Relative dimensional 
densities of  ZrO2 with 3 mol%, 4 mol% and 5 mol% Y2O3 green compacts MM’d 
for 1 h and 2 h were about 57.6 % to 62.1 % whereas relative dimensional densities 
of sintered parts varied nearly 90% to 97.9 %. 
 
 
Table 7.1 : Dimensional density and relative density measurements of both green  





























1530 3.250 5.000 5.5275 58.79±0.06 90.45±0.68 
1550 3.240 4.974 5.5275 58.62±0.07 89.98±0.71 
1570 3.238 5.085 5.5275 58.57±0.03 91.99±0.21 
2 
1530 3.211 5.101 5.5275 58.09±0.29 92.28±0.40 
1550 3.189 5.091 5.5275 57.70±0.26 92.10±1.12 





1530 3.292 5.384 5.517 59.68±0.06 97.58±0.23 
1550 3.305 5.399 5.517 59.90±0.53 97.86±0.95 
1570 3.301 5.402 5.517 59.84±0.23 97.91±0.37 
2 
1530 3.271 5.022 5.517 59.29±0.83 91.02±1.00 
1550 3.264 5.094 5.517 59.16±0.38 92.33±0.54 





1530 3.403 5.315 5.5069 61.80±0.47 96.52±0.81 
1550 3.422 5.318 5.5069 62.13±0.09 96.57±0.72 
1570 3.385 5.326 5.5069 61.46±0.45 96.72±0.36 
2 
1530 3.325 5.071 5.5069 60.38±0.45 92.09±0.35 
1550 3.331 5.063 5.5069 60.50±0.20 91.95±0.21 
1570 3.326 5.166 5.5069 60.41±0.35 93.81±0.77 
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According to the density results, the dimensional density was moderately related 
with sintering temperatures. As shown in Figure 7.25, the relative density of sintered 
samples increased with increasing sintering temperatures except  ZrO2 with 3 mol% 
Y2O3 powders MM’d for 1 h and 2h, which were firstly approximately constant 
between 1530 °C to 1550 °C and then increased with increasing temperature. 4 mol% 
and 5 mol% Y2O3 sintered samples MM’d for 1 h were the highest dense materials 
with varying between relative dimensional densities of 96 % to 98 %. As a 




Figure 7.25 : The relationship between relative dimensional density and 
sintering temperature. 
 
The results of the Archimedean density and relative density measurements of 
sintered samples are given in Table 7.2. Relative Archimedean densities of  ZrO2 
with 3 mol%, 4 mol% and 5 mol% Y2O3 sintered samples varied nearly 91.9% to 
98.3%. Although relative Archiemedean densities of ZrO2 with 3 mol% Y2O3 
sintered samples MM’d for 1 h were almost same as for 2 h, 4 mol% and 5 mol% 
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Y2O3 sintered samples MA’d for 1 h had higher relative Archimedean density than 



























According to these density values, the Archimedean density is considerably related 
with sintering temperatures. As shown in Figure 7.26, the relative density of sintered 
samples  increased with increasing sintering temperatures except  ZrO2 with 3 mol% 









Archimedean    
Density Theoretical 














1530 5.089 5.5275 92.06±0.09 
1550 5.078 5.5275 91.87±0.10 
1570 5.165 5.5275 93.45±0.26 
2 
1530 5.109 5.5275 92.42±0.04 
1550 5.096 5.5275 92.20±0.06 





1530 5.394 5.517 97.77±0.08 
1550 5.425 5.517 98.34±0.41 
1570 5.436 5.517 98.53±0.12 
2 
1530 5.091 5.517 92.28±0.27 
1550 5.115 5.517 92.71±0.07 





1530 5.381 5.5069 97.71±0.05 
1550 5.391 5.5069 97.90±0.16 
1570 5.396 5.5069 97.99±0.06 
2 
1530 5.128 5.5069 93.12±0.01 
1550 5.142 5.5069 93.37±0.03 
1570 5.187 5.5069 94.19±0.13 
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Y2O3 powders MM’d for 1 h and 2h, which were firstly constant between 1530 °C to 
1550 °C and then instantaneously increased with increasing temperature. 4 mol% and 
5 mol% Y2O3 sintered samples MM’d for 1 h highly achieved to relative 
Archimedean density of 97.7% to 98.5%. Moreover,  relative Archimedean density 
of 4Y-PSZ-MM1h-1570 was the highest with 98.53 % over all Y-PSZ samples. 
 
 
Figure 7.26 : The relationship between relative Archimedean density and 
sintering temperature. 
Figure 7.27 shows that the effects of mol % Y2O3 addition used as a stabilizer on the 
relative Archimedean density of sintered samples which were mechanically milled 
for 1h and 2 h. Figure 7.27a indicates that when powders are mechanically milled for 
1 h and are sintered in the temperature range of 1530 °C to 1570 °C, relative density 
of sintered samples increases rapidly up to 4 % mol Y2O3 then it slightly decreases. 
Moreover, Figure 7.27b signifies that if powders are mechanically milled for 2 h and 
are sintered in the temperature range of 1530 °C to 1570 °C,  relative density of 
sintered samples is about constant; however, there is a continuous increase in relative 
density with increasing % mol Y2O3. Compared with mechanical milling duration, 
MM’d powders for 1 h had usually a higher relative density than for 2 h. As a result, 
it is favorable that ZrO2 with 4 % mol Y2O3 powders should be used to be 
mechanically milled for 1 h and are sintered at higher temperatures to have a 






Figure 7.27 : The relationship between relative Archimedean density and mol% 
Y2O3 for sintered samples which were mechanically milled for (a) 1h 
and (b)2 h. 
7.2.2 Phase analyses and microstructure characterizations 
XRD diffraction patterns of ZrO2 with 3 mol%, 4 mol% and 5 mol% Y2O3 powders 
MM’d for 1 h and 2 h are shown in  Figs. 7.28-7.30. Each XRD graph consists of 
powders were sintered at 1530°C, 1550°C and 1570°C. ZrO2 monoclinic, zirconium 
yttrum oxide tetragonal and cubic crystal structures were identified in all sintered 
samples. However, it is difficult to determine cubic and tetragonal forms of 
zirconium yttrum oxide because 2-theta values for these zirconium yttrum oxides are 
too close to each other.  
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According to Figs. 7.28a and 7.28b, peaks of ZrO2 monoclinic, zirconium yttrum 
oxide tetragonal and cubic forms were detected in XRD patterns of  ZrO2 with 3 
mol% Y2O3 powders which were mechanically milled for 1 h and 2 h and were 
sintered at 1530°C, 1550°C and 1570°C. Besides, XRD pattern showed that 
monoclinic phase partially transformed into tetragonal and cubic form. As a result, 






Figure 7.28 : XRD patterns of initial powder mixture with ZrO2 and 3 mol% 
Y2O3 powders MM’d for (a)1 h and (b)2 h. 
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In Figs. 7.29a and 7.29b, although peaks of ZrO2 monoclinic form were smaller with 
increasing sintering temperature from 1530 °C to 1570 °C,  ZrO2 monoclinic, 
zirconium yttrum oxide tetragonal and cubic forms were observed in XRD patterns 
of  ZrO2 with 4 mol% Y2O3 powders which were mechanically milled for 1 h and 2 
h. were sintered at 1530°C, 1550°C and 1570°C. Smaller peaks of monoclinic phase 
signify to produce larger fraction of tetragonal or cubic phase. The partially phase 
transformation from monoclinic to tetragonal and cubic form show that Y-PSZ was 





Figure 7.29 : XRD patterns of initial powder mixture with ZrO2 and 4 mol% Y2O3 
powders MM’d for (a)1 h and (b)2 h. 
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In Figs. 7.30a and 7.30b, although peaks of ZrO2 monoclinic form were so smaller 
with increasing sintering temperature from 1530 °C to 1570 °C, ZrO2 monoclinic, 
zirconium yttrum oxide tetragonal and cubic forms were identified in XRD patterns 
of ZrO2 with 5 mol% Y2O3 powders which were mechanically milled for 1 h and 2 h 
were sintered at 1530°C, 1550°C and 1570°C. Besides, XRD pattern showed that the 
partially phase transformation from monoclinic phase to partially tetragonal and 
cubic structure form ensures to produce Y-PSZ by adding 5 mol% Y2O3 as a 





Figure 7.30 : XRD patterns of initial powder mixture with ZrO2 and 5 mol% Y2O3 
powders MM’d for (a)1 h and (b)2 h. 
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The microstructure images at 500 X or 1500X magnifications of the sintered sample 
surfaces were observed using an SEM. Although grinding can introduce residual 
compressive stresses on the surface to increase flexural strength, grinding can also 
create surface flaws that cause strength-degradation because grinding results in a 
progressive spontaneous tetragonal-to-monoclinic (t–m) phase transformation so 
aging leads to aging such as strength degradation. Hence, surface flaws were 
observed on the all SEM images of sintered samples.    
 
SEM images of 3Y-PSZ samples which were mechanically milled for 1 h and 
sintered at 1530°C, 1550°C and 1570°C shown in Figs. 7.31a-f. Spherical and 
irregular types of porosity were noticed throughout the grinded and polished surface 
of 3Y-PSZ-MM1h samples because of tetragonal to monoclinic phase 
transformation. Therefore, these white pore areas may contain more monoclinic 
phase than the black areas. According to SEM images of 3Y-PSZ-MM1h samples, 
the surface pores are increased with increasing sintering temperature, although the 
dimensional and density of 3Y-PSZ-MM1h-1570 is higher than those of 3YSZ-
MM1h-1530 and 3Y-PSZ-MM1h-1550. According to EDS analysis of 3Y-PSZ-
MM1h (Figure 7.32), wt % yttrium and zirconium of pores was less than darker 










    
        (a)          (b) 
    
        (c)          (d) 
    
        (e)          (f) 
Figure 7.31 : SEM images of 3Y-PSZ-MM1h was sintered at (a)1530°C (500X), 
(b) 1530°C (1500X)  (c) 1550°C (500X), (d) 1550°C (1500X), (e) 







Figure 7.32 : EDS analysis on SEM images of 3Y-PSZ-MM1h-1550 (1500X) (a) 
denoted as 1, (b) denoted as 2. 
SEM images of 3Y-PSZ samples which were mechanically milled for 2 h and were 
sintered at 1530°C, 1550°C and 1570°C are seen in Figs. 7.33a-f. As seen in these 
figures, tetragonal to monoclinic phase transformation caused the formation of 
spherical and irregular pores were taken in throughout the grinded and polished 
surface of 3Y-PSZ-MM2h samples. Thus, these white pore areas may include more 
monoclinic phase than the black areas. According to EDS analysis of 3Y-PSZ-
MM2h (Figure 7.34a-b), wt % yttrium and zirconium content in these pores were less 
than those of the darker smooth surfaces, inferring that darker surfaces are rich in 
ZrO2 and Y2O3. Moreover, some white particles were observed in SEM images of 
3Y-PSZ-MM2h-1550 sample. As shown in Figure 7.34c, EDS analysis of these 
white particle was also examined and wt % yttrium and zirconium of white particles 
were almost the same as those in the darker smooth surfaces.   
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         (a)        (b) 
    
        (c)          (d) 
    
        (e)         (f) 
Figure 7.33 : SEM images of 3Y-PSZ-MM2h was sintered at (a)1530°C (500X), 
(b) 1530°C (1500X)  (c) 1550°C (500X), (d) 1550°C (1500X), (e) 









Figure 7.34 : EDS analysis on SEM images of 3Y-PSZ-MM2h-1550 (1500X) 
(a)denoted as 1, (b) denoted as 2, (c) denoted as 3. 
SEM images of 4Y-PSZ samples which were MM’d for 1 h and were sintered at 
1530°C, 1550°C and 1570°C are seen in Figs. 7.35a-f. The size of pores increased up 
to 10 µm with increasing sintering temperature. Moreover, grinding and polishing 
produced some spherical and irregular pores on the surface of 4Y-PSZ-MM1h 
samples via tetragonal to monoclinic phase transformation. Thus, these white pore 
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areas have more monoclinic phase than the black areas. According to EDS analysis 
of 3Y-PSZ-MM2h (Figure 7.36), wt % yttrium and zirconium of pores was less than 
those for the darker smooth surfaces. ZrO2 and Y2O3-enriched compositions were 
obtained for the darker surfaces.  
 
    
         (a)          (b) 
    
        (c)          (d) 
    
        (e)          (f) 
Figure 7.35 : SEM images of 4Y-PSZ-MM1h was sintered at (a)1530°C (500X), 
(b) 1530°C (1500X), (c) 1550°C (500X), (d) 1550°C (1500X), (e) 







Figure 7.36 : EDS analysis on SEM images of 4Y-PSZ-MM1h-1550 (1500X) 
(a)denoted as 1, (b) denoted as 2. 
SEM images of 4Y-PSZ samples which were mechanically milled for 2 h and were 
sintered at 1530°C, 1550°C and 1570°C shown in Figs. 7.37a-g. Spherical and 
irregular types of porosity were observed throughout the grinded and polished 
surface of 4Y-PSZ-MM2h samples due to tetragonal to monoclinic phase 
transformation. Therefore, these white pore areas may include more monoclinic 
phase than the black areas. According to SEM images of 4Y-PSZ-MM2h samples, 
the white pore sizes of sample was sintered at 1530°C, which were up to 5µm, were 
larger than of sintered at 1550°C and 1570°C. According to EDS analysis of 4Y-
PSZ-MM2h (Figure 7.38), although wt % yttrium of pores was nearly constant, wt % 
zirconium of pores was less than darker smooth surfaces, so darker surfaces have 
ZrO2-enriched compositions. Furthermore, irregular type of black large pores in 
SEM images of 4Y-PSZ-MM2h-1570 were examined by EDS analysis for and wt % 
yttrium of white pores was approximately as same as of black pores whereas wt % 
zirconium of black pores was higher than of white pores.  
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         (a)         (b) 
    
         (c)         (d) 
    
         (e)         (f) 
 
                 (g) 
Figure 7.37 : SEM images of 4Y-PSZ-MM2h was sintered at (a)1530°C (500X), 
(b) 1530°C (1500X), (c) 1550°C (500X), (d) 1550°C (1500X), (e) 








Figure 7.38 : EDS analysis on SEM images of 4Y-PSZ-MM2h-1570 (1500X) 
(a)denoted as 1, (b) denoted as 2, (c) denoted as 3. 
 
SEM images of 5Y-PSZ samples which were mechanically milled for 1 h and were 
sintered at 1530°C, 1550°C and 1570°C are seen in Figs. 7.39a-f. The size of pores 
was increased up to 5 µm with increasing sintering temperature. Moreover, grinding 
and polishing produced some spherical and irregular white pores areas, which have 
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more monoclinic phase than the black areas. According to EDS analysis of 5Y-PSZ-
MM1h (Figure 7.40), wt % yttrium of pores was less than of darker smooth surfaces, 
so Y2O3-enriched compositions were obtained for the darker surfaces.  
 
    
        (a)          (b) 
    
        (c)          (d) 
    
        (e)          (f) 
Figure 7.39 : SEM images of 5Y-PSZ-MM1h was sintered at (a)1530°C (500X), 
(b) 1530°C (1500X), (c) 1550°C (500X), (d) 1550°C (1500X), (e) 






Figure 7.40 : EDS analysis on SEM images of 5Y-PSZ-MM1h-1550 (1500X) 
(a)denoted as 1, (b) denoted as 2. 
 
SEM images of 5Y-PSZ samples which were mechanically milled for 2 h and were 
sintered at 1530°C, 1550°C and 1570°C shown in Figs. 7.41a-f. Amount of spherical 
and irregular white porosities in 5Y-PSZ were decreased compared with other 
sintered Y-PSZ samples. Formation of a few white pores showed that grinding and 
polishing did not create enough stress to transform tetragonal to monoclinic phase 
although large amount of black pores still existed. Moreover, size of black pores was 
about 10 µm. According to EDS analysis of 5Y-PSZ-MM2h (Figure 7.42), wt % 
yttrium and zirconium of white pores were less than darker grey smooth surfaces, so 
darker grey surfaces have ZrO2 and Y2O3-enriched compositions. Furthermore, wt % 
yttrium of 5Y-PSZ was examined at 6.4 wt %, which was highest value compared 
with other sintered PSZ samples.   
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        (a)          (b) 
    
        (c)          (d) 
    
        (e)          (f) 
Figure 7.41 : SEM images of 5Y-PSZ-MM2h was sintered at (a)1530°C (500X), 
(b) 1530°C (1500X), (c) 1550°C (500X), (d) 1550°C (1500X), (e) 






Figure 7.42 : EDS analysis on SEM images of 5Y-PSZ-MM2h-1570 (1500X) 
(a)denoted as 1, (b) denoted as 2. 
The optical microscope images with 100 X magnification of 3Y-PSZ, 4Y-PSZ and 
5Y-PSZ samples which were mechanically milled for 1 h and 2 h and were sintered 
at 1530°C, 1550°C and 1570°C are shown in Figs. 7.43a-s . After polishing surfaces 
of samples were etched by using the etchant used consisted of 45 ml H2O, 45 ml 
HNO3 and  10 ml HF for 2 minutes .There were different phases in images which 
include bright yellow and brown areas. Moreover, variety of size in brown phases 
was about from 1 to 10 µm. According to EDS analyses, brown areas are richer in 
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         (j)        (k)     (l) 
Figure 7.43 : The optical microscope images with 100 X magnification of (a) 3Y-
PSZ-MM1h-1530, (b) 3Y-PSZ-MM1h-1550, (c) 3Y-PSZ-MM1h-
1570, (d) 3Y-PSZ-MM2h-1530, (e)3Y-PSZ-MM2h-1550, (f) 3Y-PSZ-
MM2h-1570 (g) 4Y-PSZ-MM1h-1530, (h) 4Y-PSZ-MM1h-1550, (i) 
4Y-PSZ-MM1h-1570,  (j) 4Y-PSZ-MM2h-1530, (k) 4Y-PSZ-MM2h-
1550, (l) 4Y-PSZ-MM2h-1570, (m) 5Y-PSZ-MM1h-1530, (n) 5Y-
PSZ-MM1h-1550, (o) 5Y-PSZ-MM1h-1570, (p) 5Y-PSZ-MM2h-




     
        (m)        (n)     (o) 
     
         (p)        (r)     (s) 
Figure 7.43 :  (contd.)The optical microscope images with 100 X magnification of 
(a) 3Y-PSZ-MM1h-1530, (b) 3Y-PSZ-MM1h-1550, (c) 3Y-PSZ-
MM1h-1570, (d) 3Y-PSZ-MM2h-1530, (e)3Y-PSZ-MM2h-1550, (f) 
3Y-PSZ-MM2h-1570 (g) 4Y-PSZ-MM1h-1530, (h) 4Y-PSZ-MM1h-
1550, (i) 4Y-PSZ-MM1h-1570,  (j) 4Y-PSZ-MM2h-1530, (k) 4Y-
PSZ-MM2h-1550, (l) 4Y-PSZ-MM2h-1570, (m) 5Y-PSZ-MM1h-
1530, (n) 5Y-PSZ-MM1h-1550, (o) 5Y-PSZ-MM1h-1570, (p) 5Y-
PSZ-MM2h-1530, (r) 5Y-PSZ-MM2h-1550, (s) 5Y-PSZ-MM2h-1570. 
 
7.2.3 Microhardness measurements 
Microhardness tests were carried out by measuring 25 indentations for each Y-PSZ 
sample. However, 10 successive indentations were estimated to obtain the average 
values and standard deviations of hardness. Table 7.3 shows the hardness results of 
the 3Y-PSZ, 4Y-PSZ and 5Y-PSZ MM’d for 1 h and 2 h samples in the temperature 
range of 1530 °C to 1570 °C. 5Y-PSZ-MM2h-1530 had a lowest hardness value of 
1010.1 kg/mm2 whereas 5Y-PSZ-MM1h-1570 had a highest value of 1368.6 kg/mm2 
































As seen in Figure 7.44, the hardness of sintered samples was increased with 
increasing sintering temperatures except 3Y-PSZ-MM1h and 3Y-PSZ-MM2h, which 
were firstly decreased between 1530 °C to 1550 °C and then increased with 
increasing temperature. Compared with relative density, hardness values are 
essentially consistent with density of samples. In general, the hardness increased with 
increasing density of dimensional and Archimedean. For instance, whereas relative 
dimensional and Archimedean densities of 4Y-PSZ-MM1h and 5Y-PSZ-MM1h 
Table 7.3 : Hardness results of the samples with standard deviations.
Sample 
M.M 












1530 1091.1±95.40 10.69±0.93 
1550 1028.8±96.49 10.08±0.95 
1570 1258.7±140.53 12.34±1.38 
2 
1530 1151.2±98.84 11.28±0.97 
1550 1083.4±56.19 10.62±0.55 





1530 1266.1±68.99 12.41±0.68 
1550 1275.2±60.99 12.50±0.60 
1570 1313.0±49.48 12.87±0.48 
2 
1530 1068.7±31.21 10.47±0.31 
1550 1138.5±55.74 11.16±0.55 





1530 1208.8±41.28 11.85±0.40 
1550 1267.2±55.90 12.42±0.55 
1570 1368.6±33.86 13.41±0.33 
2 
1530 1010.1±46.31 9.90±0.45 
1550 1200.9±37.41 11.77±0.37 
1570 1268.7±31.83 12.43±0.31 
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achieved very high values of 96 % to 98 %, the hardness of 4Y-PSZ-MM1h and 5Y-
PSZ-MM1h reached their bests 1313 kg/mm2 (12.87 GPa) and 1368.6 kg/mm2 (13.41 




Figure 7.44 : Hardness results of the samples as a graph. 
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8.  CONCLUSION AND RECOMMENDATIONS 
ZrO2 with 3 mol%, 4 mol% and 5 mol% Y2O3 powders, which were mechanically 
milled for 1 h and 2 h and were sintered at 1530°C, 1550°C and 1570°C, were 
investigated to characterize the powder and sintered Y-PSZ samples. Therefore, the 
results of this study can be discussed in two parts which are the results of powder 
characterization experiments and the results of characterization experiments of as-
consolidated and sintered samples. 
 
In case of powder characterization results, it was clear that although particle size of 
powders firstly decreased in 1 h mechanical milling duration, the mechanical milled 
powders then agglomerated with increasing in higher energy milling time according 
to particle size distribution analysis and SEM images. Therefore, mechanical milling 
for 1h was decided as a optimum duration. Besides, EDS analysis showed that wt % 
yttrium of bright particles was lesser than darker particles, so darker particles had 
Y2O3-enriched compositions. In XRD investigations, peaks were broadened and 
heights of peaks were decreased with increasing mechanical milling duration because 
grain sizes were decreased and internal strains were increased resulted from 
mechanical milling. Moreover, peaks of Y2O3 were absent with increasing 
mechanical milling duration. These changes in patterns of XRD mean that there was 
a transformation of monoclinic to cubic / tetragonal form with mechanical milling 
process. According to DSC-TGA curves showed exothermic reaction of strearic acid 
oxidation. Moreover, transformation of monoclinic to tetragonal zirconium yttrium 
oxide for 2h MM’d samples at 600°C. Moreover, two endothermic peaks were 
observed in DSC curves, which are transformations from tetragonal to cubic 
zirconium yttrium oxide and/or monoclinic to tetragonal zirconium oxide crystal 
structure at about 900 oC and 1000 oC according to DSC and XRD analyses. Besides, 
loss of weight % was in range of 3 % to 4 % due to the oxidation of strearic acid. 
 
In case of as-consolidated and sintered samples, it can be clearly stated that the 
relative dimensional and Archimedean densities were related with sintering 
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temperatures. The relative density of sintered samples was increased with increasing 
sintering temperatures without ZrO2 with 3 mol% Y2O3 powders MM’d for 1 h and 
2h, which were firstly slightly decreased between 1530 °C to 1550 °C and then 
increased with increasing temperature. Moreover, the maximum relative dimensional 
and Archimedean density was achieved at 4Y-PSZ-MM1h-1570 sample with 98.53 
% over other Y-PSZ samples, respectively. Furthermore, there was a relationship 
between relative density and mol% Y2O3 for sintered samples. While powder blends 
were mechanically milled for 1 h and were sintered in the temperature range of 1530 
°C to 1570 °C, relative density of sintered samples increased quickly up to 4 % mol 
Y2O3 then it slightly decreased. On the other hand, the relative density of sintered 
parts which were mechanically milled for 2 h was approximately constant although 
there was a continuous increase in relative density with increasing % mol Y2O3. As a 
consequence, a maximum relative density was achieved by using ZrO2 with 4 % mol 
Y2O3 powders which were mechanically milled for 1 h and were sintered at higher 
temperatures. 
 
Considering the microstructure and phase characterizations of sintered samples, ZrO2 
monoclinic, zirconium yttrum oxide tetragonal and cubic crystal structures were 
identified in all XRD analysis of sintered samples although peaks of ZrO2 
monoclinic form were so smaller with increasing sintering temperatures. In addition, 
XRD pattern showed that monoclinic phase partially transformed into tetragonal and 
cubic form. Therefore, yttria partially stabilized zirconia (Y-PSZ) was produced by 
adding 3 mol%, 4 mol% and 5 mol% Y2O3 as a stabilizer. Strength degradation such 
as spherical and irregular types of porosity were noticed throughout the grinded and 
polished surface of sintered samples because of grinding, which causes a 
spontaneous tetragonal to monoclinic phase transformation. Moreover, EDS analysis 
of sintered samples indicated that wt % yttrium and zirconium of pores was fewer 
than darker smooth surfaces, so darker surfaces had ZrO2 and Y2O3-enriched 
compositions. 
 
Finally, considering the mechanical properties, the hardness of sintered samples was 
increased with increasing sintering temperatures except 3Y-PSZ and 3Y-PSZ 
samples which were mechanically milled for 1 h and 2 h were firstly decreased 
between 1530 °C to 1550 °C and then increased with increasing temperature. 
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Besides, hardness values are mainly consistent with density of samples because the 
hardness generally increased with increasing density of dimensional and 
Archimedean. For example, while relative dimensional and Archimedean densities of 
4Y-PSZ-MM1h and 5Y-PSZ-MM1h achieved very high values of 96 % to 98 %, the 
hardness of 4Y-PSZ-MM1h and 5Y-PSZ-MM1h reached the maximum values such 
as 1313 kg/mm2 and 1368.6 kg/mm2, respectively. 
 
As a result, characterizations of ZrO2 with 3 mol%, 4 mol% and 5 mol% Y2O3 
powders and sintered samples, which were mechanically milled for 1 h and 2 h and 
were sintered at 1530°C, 1550°C and 1570°C, were successfully studied and yttria 
partially stabilized zirconia (Y-PSZ) was developed with high density (98.53%) and 
hardness (1368.6 kg/mm2) via mechanical milling. Finally, favorable and maximum 
relative density and hardness were achieved by using ZrO2 with 4 % mol Y2O3 
powders which were mechanically milled for 1 h and were sintered at higher 
temperatures because these powders had fine and homogenous distributions without 
agglomerations according to particle size and SEM analysis.      
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